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ABSTRACT
Using ∼5000 spectroscopically-confirmed galaxies drawn from the Observations of Red-
shift Evolution in Large Scale Environments (ORELSE) survey we investigate the
relationship between color and galaxy density for galaxy populations of various stel-
lar masses in the redshift range 0.55 ≤ z ≤ 1.4. The fraction of galaxies with col-
ors consistent with no ongoing star formation ( fq) is broadly observed to increase
with increasing stellar mass, increasing galaxy density, and decreasing redshift, with
clear differences observed in fq between field and group/cluster galaxies at the high-
est redshifts studied. We use a semi-empirical model to generate a suite of mock
group/cluster galaxies unaffected by environmentally-specific processes and compare
these galaxies at fixed stellar mass and redshift to observed populations to constrain
the efficiency of environmentally-driven quenching (Ψconvert ). High-density environ-
ments from 0.55 ≤ z ≤ 1.4 appear capable of efficiently quenching galaxies with
log(M∗/M⊙) > 10.45. Lower stellar mass galaxies also appear efficiently quenched
at the lowest redshifts studied here, but this quenching efficiency is seen to drop
precipitously with increasing redshift. Quenching efficiencies, combined with simu-
lated group/cluster accretion histories and results on the star formation rate-density
relation from a companion ORELSE study, are used to constrain the average time
from group/cluster accretion to quiescence and the elapsed time between accretion
and the inception of the quenching event. These timescales were constrained to be
〈tconvert 〉 = 2.4 ± 0.3 and 〈tdelay〉 = 1.3 ± 0.4 Gyr, respectively, for galaxies with
log(M∗/M⊙) > 10.45 and 〈tconvert 〉 = 3.3 ± 0.3 and 〈tdelay〉 = 2.2 ± 0.4 Gyr for lower
stellar mass galaxies. These quenching efficiencies and associated timescales are used
to rule out certain environmental mechanisms as being the primary processes respon-
sible for transforming the star-formation properties of galaxies over this 4 Gyr window
in cosmic time.
Key words: galaxies: evolution – galaxies: clusters: general – galaxies: groups: general
– techniques: photometric – techniques: spectroscopic
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1 INTRODUCTION
One of the most fundamental properties associated with
the study of galaxy evolution is whether or not a galaxy
© 2019 The Authors
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is forming stars. This information, when determined for
a large and diverse enough population of galaxies, can
be used to directly test and to calibrate simulations
and models of galaxy evolution (e.g., McGee et al. 2011;
Tal et al. 2014; Balogh et al. 2016; Kawinwanichakij et al.
2016, 2017; Socolovsky et al. 2018). While the processes
governing the likelihood that a particular galaxy is ac-
tively forming stars are extremely complex, and, further,
while stochastic rather than smooth star-formation histo-
ries may be typical for galaxies (e.g., Pacifici et al. 2013;
Teyssier et al. 2013; Kauffmann 2014; Sparre et al. 2017;
Emami et al. 2019), when averaging over an ensemble of
galaxies there are physical parameters which can be used
as strong predictors of how many galaxies in that pop-
ulation are likely to be forming stars. At least to z ∼
1, it appears that three parameters in particular, cosmic
epoch, the mass of the stellar content contained within
the galaxy, and the environment in which a galaxy resides,
correlate well with the star formation properties of galax-
ies. While there are many other properties beyond these
three which may serve to modulate star formation includ-
ing, but not limited to, the level of active galactic nuclei
(AGN) activity (e.g., Kocevski et al. 2009; Rumbaugh et al.
2012; Dubois et al. 2013; Juneau et al. 2013; Lemaux et al.
2014b, shocks, merging, and other galaxy-wide pro-
cesses (e.g., Birnboim & Dekel 2003; Keresˇ et al. 2005;
Lo´pez-Sanjuan et al. 2013; Belfiore et al. 2016, 2017), kine-
matics (e.g., Genzel et al. 2008, 2014; Hung et al. 2018),
morphology (e.g., Martig et al. 2009; Bell et al. 2012;
Whitaker et al. 2017), and the amount and metallic-
ity of the gas, if any, contained within galaxies (e.g.,
Scoville et al. 2016, 2017; Darvish et al. 2018; Sanders et al.
2018; Wang et al. 2018), all of these properties can be
thought of in some way to be subordinate (i.e., correlated
with) to redshift, stellar mass, or environment or some com-
bination of the three.
However, while studies exist in abundance probing each
of these three parameters in tandem across a wide vari-
ety of redshifts, stellar masses, and environments to z ∼
1 − 1.5, there are few studies which simultaneously and self-
consistently probe a wide baseline in each of the three pa-
rameters. For example, Wetzel et al. (2013) presented an ex-
tensive investigation of the star formation rate (hereafter
SFR) distribution and the fraction of galaxies not form-
ing stars, otherwise known as the quiescent faction ( fq), for
a large sample of spectroscopically-confirmed galaxies from
the Sloan Digital Sky Survey (SDSS). While this study, by
virtue of the large number of galaxies, and the large dynamic
range of stellar masses and environments probed, provided
valuable insights on the star-formation histories of galax-
ies in different environments, these insights were broadly
limited to galaxy populations residing in the local universe
(z <∼ 0.3). At higher redshift (z ∼ 1), samples from the VI-
MOS Very Deep Survey (VVDS, Le Fe`vre et al. 2005, 2013),
the Deep Extragalactic Evolutionary Probe 2 (DEEP2,
Davis et al. 2003; Newman et al. 2013), the zCOSMOS-
Bright survey (Lilly et al. 2007, 2009), and the VIMOS Pub-
lic Extragalactic Redshift Survey (VIPERS; Garilli et al.
2014; Guzzo et al. 2014) have been extensively studied to
measure variations of fq. In such surveys, this quantity is
typically proxied by the number of red galaxies relative to
the total number of galaxies, as a function of redshift, stellar
mass (or, somewhat equivalently, absolute magnitude), and
environment (e.g., Cucciati et al. 2006; Cooper et al. 2007;
Peng et al. 2010; Kovacˇ et al. 2014; Cucciati et al. 2017).
However, the range of environments probed by each survey
is typically limited to, at most, massive group environments,
and the spectroscopic populations are typically skewed to-
ward bluer galaxies. As such, the conclusions drawn on these
results necessarily share the same limitations. Conversely,
observational campaigns exist which target the cores and
intermediate regions of massive clusters at a variety of red-
shifts, but such campaigns can suffer from a spectroscopic
sampling issues, lack of a comparable field sample, large sam-
ple variance from the small number of clusters probed, small
redshift windows, and the lack of sampling in the sparser re-
gions of clusters and the surrounding filamentary structure.
While the number of conflicting results and the magni-
tude of these conflicts speak to the difficulty of overcoming
the above difficulties completely, clever methods have been
employed to overcome some of these limitations, and such
campaigns have been used to good effect to present com-
pelling evidence that the relationship of the quiescent frac-
tion of galaxies with environment, stellar mass, and redshift
persists to some extent up to z ∼ 1.5 (e.g., Strazzullo et al.
2010; Snyder et al. 2011; Quadri et al. 2012; Cooke et al.
2016; Nantais et al. 2016). Secular processes strongly tied to
the stellar mass content of galaxies are generally thought to
regulate star formation in lower-density environments, with
star-forming galaxies observed to be less prevalent amongst
galaxies at higher stellar mass. In these rarefied environ-
ments, small environmental effects may enter for galaxies
that reside in or near voids and filaments, as the distance to
the void or filament appears to modulate the colors and star-
forming properties of such galaxies (e.g., Moorman et al.
2016; Kuutma et al. 2017; Kraljic et al. 2018; Laigle et al.
2018), however, it generally appears that secular processes
dominate. While the trend of increasing quiescent fraction
with the increasing mass of stellar content in field environ-
ments appears to hold to z ∼ 2 − 3 (e.g., Ilbert et al. 2013;
Muzzin et al. 2013; Tomczak et al. 2014), the stellar mass at
which quiescent galaxies become more abundant than star-
forming galaxies is a strong function of redshift. Another
metric used to probe the star-forming state of galaxies is
the star formation rate normalized to the stellar mass con-
tent, otherwise known as the specific star formation rate
(SSFR). This metric appears, both for all types of galax-
ies and for star-forming galaxies only, to be strongly tied to
both the redshift and stellar mass, in that the average SSFR
of galaxies is seen to increase at increasing redshift and for
galaxy populations with smaller average stellar masses (e.g.,
Tomczak et al. 2016).
When a larger dynamic range of environments is
probed, including the intermediate- to high-density regimes
of groups and clusters, the situation becomes more com-
plex. While, among star forming galaxies, at fixed M∗
the average SSFR appears to be largely independent
across all types of environments (e.g., Muzzin et al. 2012;
Wijesinghe et al. 2012; Koyama et al. 2013; Zeimann et al.
2013; Darvish et al. 2016; Vulcani et al. 2017; Wagner et al.
2017, though see also Patel et al. 2011; Ziparo et al. 2014;
Tran et al. 2015; Tomczak et al. 2019), the quiescent frac-
tion is consistently found to be a strong function of en-
vironment at least until z ∼ 1 (e.g., Balogh et al. 2016;
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Cucciati et al. 2017; Kawinwanichakij et al. 2017; Jian et al.
2018). This behavior indicates that the ability of galaxies to
form stars is in some way related to the plethora of pro-
cesses which are enhanced or exclusive to intermediate- to
high-density environments. Indeed, the behavior of the qui-
escent fraction as a function of stellar mass and environ-
ment at fixed redshift has been used in a number of stud-
ies to estimate timescales associated with the quenching
of group and cluster galaxies as well as the processes in-
volved in that quenching (e.g., Mok et al. 2014; Balogh et al.
2016; Fossati et al. 2017; Foltz et al. 2018). While promis-
ing, the limited number of cluster and group environments
studied, the limited number of galaxies studied per system,
and the lack of a comprehensive investigation of quenching
timescales as a function of both stellar mass and redshift,
make it difficult to understand how applicable the conclu-
sions drawn from these investigations are to the evolution of
generic galaxy populations in higher density environments.
In this paper we present a study of a large sample
(∼5000) of spectroscopically-confirmed galaxies from the
Observations of Redshift Evolution in Large Scale Envi-
ronments (ORELSE; Lubin et al. 2009) survey, an immense
imaging and spectroscopic campaign over ∼5 ◦ probing
the surrounding structure of 15 known large scale struc-
tures at 0.6 ≤ z ≤ 1.3 on ∼10-15 h−1
70
proper Mpc scales.
For this sample, which is largely representative of the over-
all galaxy population for galaxies with log(M∗/M⊙) > 10,
we measure fq at different redshifts, stellar masses, and en-
vironments. These measurements, in conjunction with semi-
empirical models and N-body simulations, are used to self-
consistently infer the efficiency with which group and clus-
ter environments are able to quench star formation in their
constituent galaxies to z ∼ 1.4 and the quenching timescale
for galaxies of different stellar masses. In tandem with a
companion study (Tomczak et al. 2019) in which a similar
ORELSE sample is used to study the relationship between
SSFR and environment for star-forming galaxies, we fur-
ther estimate the timescale that galaxies of differing stel-
lar masses can remain in group and cluster environments
without undergoing a galaxy-scale quenching event. These
timescales are subsequently used to argue in favor or against
certain processes as agents of this quenching.
Throughout this paper all magnitudes, including those
in the IR, are presented in the AB system (Oke & Gunn
1983; Fukugita et al. 1996). All distances are quoted in
proper units. We adopt a concordance Λ cold dark matter
cosmology with H0 = 70 km s
−1 Mpc−1, ΩΛ = 0.73, and ΩM
= 0.27. While abbreviated throughout the paper for con-
venience, stellar masses are presented in units of h−2
70
M⊙,
star formation rates in units of h−2
70
M⊙ yr
−1, total and halo
masses in units of h−1
70
M⊙ , ages in units of h
−1
70
Gyr or h−1
70
Myr, absolute magnitudes in units of MAB+5 log(h70), proper
distances in units of h−1
70
kpc/Mpc, where h70 ≡ H0/70 km
−1
s Mpc.
2 THE ORELSE FIELD AND LARGE SCALE
STRUCTURE SAMPLE
In this paper we incorporate samples drawn from
observations of all 15 of the final ORELSE fields.
Adopting the naming convention of Lubin et al.
(2009), these fields are Cl 0023+0423, RCS J0224-
0002, XLSSC005a+b, Cl J0849+4452, Cl J0910+5422,
RX J1053.7+5735, 1137+3000, RX J1221.4+4918,
Cl 1324+3011/Cl1324+3059, Cl J1350+6007, Cl
J1429.0+4221, Cl 1604+4304/Cl 1604+4321, RX
J1716.4+6708, RX J1757.3+6631, RX J1821+68271 .
The full galaxy sample taken from these fields is comprised
of nearly 9000 spectroscopically confirmed galaxies in
the redshift range studied in this paper, 0.55 ≤ z ≤ 1.4,
which span a range of environments from the sparsely
populated field to the cores of massive, relaxed clusters.
In total, 56 groups and clusters were discovered across all
15 of the ORELSE fields spanning the ranges of redshift,
line-of-sight (LOS) galaxy velocity dispersion, and virial
masses shown in the three panels of Figure 1. The latter
of these three measurements are made using the relation
given in Lemaux et al. (2012). While several thousand of
the galaxies in the sample presented here are confirmed
members of either these groups and clusters or the large
scale structures (LSSs) that they are embedded in, the re-
mainder of our sample, consisting of several thousand more
galaxies, are completely unassociated with any massive
structure. Such samples allow for an internal comparison
of various subsets of galaxies across a a broad range of
environments at different epochs. Imaging and spectroscopic
observations made on nearly all of the final 15 ORELSE
fields, as well as methods relating to the reduction of these
data and the measuring of relevant quantities from these
observations, have been discussed in other ORELSE studies
(with the exception of one field, see §2.3). As such, we only
briefly describe the characteristics of these observations and
methods here.
2.1 Imaging and Photometry
Optical riz imaging for most ORELSE fields was ini-
tially performed using either the Large Format Cam-
era (LFC; Simcoe et al. 2000) situated on the prime fo-
cus of the Palomar 5-m Hale telescope or Suprime-Cam
(Miyazaki et al. 2002) mounted on the prime focus of the
Subaru 8-m telescope. In one case, XLSSC005a+b (here-
after XLSS005), initial optical imaging was drawn from
Megacam (Boulade et al. 2003) observations from the 3.6-m
Canada-France-Hawaii Telescope (CFHT) taken as part of
the “Deep” portion of the CFHT Legacy Survey (CFHTLS).
Additional B and V imaging was taken for all ORELSE
fields with Subaru/Suprime-Cam except for the XLSS005
field where u∗- and g′-band imaging were available. In some
cases Subaru/Suprime-cam imaging in the Y band was also
taken. The typical depths of the optical imaging ranged from
mAB = 26.4 in the B band to mAB = 24.6 in the z
′/Z+ bands
as estimated from the method described in Tomczak et al.
(2017). All LFC data were reduced with Image Reduction
1 While this list seemingly contains 17 entries, we consider Cl
1324+3011 and Cl1324+3059 as a single field, referred to col-
lectively as SC1324, and Cl 1604+4304 and Cl 1604+4321, re-
ferred to collectively as SC1604, as a single field. The fields Cl
0934+4804, Cl1325+3009, and RX J1745.2+6556 were dropped
from the survey due to insufficient observations.
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Figure 1. Left: Redshift distribution of the 56 groups and clusters detected in the 15 ORELSE fields presented in this paper. The
systemic redshift of each structure is estimated by the average of all spectral members within 1 Mpc of the luminosity-weighted spectral
member center (see Ascaso et al. 2014). Solid and dashed vertical lines denote the median redshift of ORELSE clusters (σv, LOS ≥ 550
km s−1) and groups (σv, LOS < 550 km s
−1), respectively. Center: Distribution of σv for the same 56 structures. Velocity dispersions are
calculated from an average of 34 and 15 member galaxies for ORELSE clusters and groups, respectively. The median σv of clusters and
groups are indicated by the solid and dashed vertical lines, respectively. The average σv error, estimated through jackknife resampling
for each structure, is shown in the top left. Right: Virial mass of all 56 structures as estimated from σv . The median Mvir for clusters
and groups are indicated by solid and dashed vertical lines, respectively. The average Mvir error is shown in the top left.
and Analysis Facility (IRAF, Tody 1993) following the meth-
ods of Gal et al. (2008). Reduction of the Suprime-Cam
data were performed with the SDFRED2 pipeline (Ouchi et al.
2004) supplemented by several Traitement E´le´mentaire Re´-
duction et Analyse des PIXels (TERAPIX2) routines3 (for
more details, see Tomczak et al. 2017). In both cases, pho-
tometric calibration was performed from observations of
Landolt (1992) standard star fields taken on the same night
of each observation. CFHTLS observations were reduced and
photometrically calibrated using TERAPIX routines follow-
ing the methods described in Ilbert et al. (2006) and the
T0006 CFHTLS handbook4. Though ORELSE imaging ob-
servations in the redder portion of the observed-frame opti-
cal employed a variety of different filter curves, for simplicity,
we will usually use the generalized terms r, i, and z through-
out the paper to refer to all variants of these filters (i.e.,
r ′/RC/R
+, i′/IC/I
+, and z′/Z+, respectively) except when
specificity is helpful.
All but one field in ORELSE (Cl1350) was observed
in the near-infrared (NIR) J and K/Ks bands. These ob-
servations were taken from the Wide-Field Camera (WF-
CAM; Casali et al. 2007) mounted on the United Kingdom
Infrared Telescope (UKIRT) and the Wide-field InfraRed
Camera (WIRCam; Puget et al. 2004) mounted on CFHT
and reached a typical depth of mAB = 21.9 & 21.7 for the J
and K/Ks bands, respectively. The UKIRT data were pro-
cessed using the standard UKIRT processing pipeline pro-
vided courtesy of the Cambridge Astronomy Survey Unit5
and, the CFHT data, through the I’iwi pre-processing rou-
tines and TERAPIX. Both pipelines provided fully-reduced
mosaics and associated weight maps. The photometric cali-
2 http://terapix.iap.fr
3 C. D. Fassnacht, private communication
4 http://terapix.iap.fr/cplt/T0006-doc.pdf
5 http://casu.ast.cam.ac.uk/surveys-projects/wfcam/technical
bration of the mosaics output by both pipelines was done se-
lecting bright (m < 15), non-saturated objects with existing
Two Micron All Sky Survey (2MASS; Skrutskie et al. 2006)
photometry, with appropriate k-corrections made using stars
drawn from the Infrared Telescope Facility (IRTF) spectral
library (Rayner et al. 2009). Additional imaging in the NIR
was taken from the Spitzer (Werner et al. 2004) space obser-
vatory using the InfraRed Array Camera (IRAC; Fazio et al.
2004) in the two non-cryogenic channels ([3.6]/[4.5]) for
all 15 ORELSE fields and additionally in the two cryo-
genic channels ([5.8]/[8.0]) for four of the ORELSE fields
(SC1604, RXJ1716, RXJ1053, and XLSS005 following the
naming convention of Rumbaugh et al. 2018; Tomczak et al.
2019) to an average depth of 24.0, 23.8, 22.4 and 22.3 mag-
nitudes, respectively. The basic calibrated data (cBCD) im-
ages provided by the Spitzer Heritage Archive were reduced
using the MOsaicker and Point source EXtractor (MOPEX;
Makovoz & Marleau 2005) package in conjunction with sev-
eral custom Interactive Data Language (IDL) scripts written
by J. Surace. For more details on the reduction of these data
see Tomczak et al. (2017).
For each field, all optical and non-Spitzer images were
registered to a common grid of plate scale 0.2′′ pixel−1 and
convolved to the worst point spread function (PSF) for that
field using the methods described in Tomczak et al. (2017).
Prior to this convolution, some images with exceptionally
large PSFs for which we had the luxury of another im-
age with broadly redundant spectral coverage (i.e., LFC
r ′ vs. Suprime-cam R+ imaging) with a smaller measured
PSF were removed. The worst PSF per field for all retained
ground-based optical/NIR images ranged from ∼1.00′′-1.96′′
for the fields studied here, with only one field (Cl1350) hav-
ing an image with a PSF that exceeded 1.4′′. Source detec-
tion and photometry were obtained by running Source Ex-
tractor (SExtractor; Bertin & Arnouts 1996) in dual-image
mode using either a stacked χ2 optical image or an image in
a single band as a detection image (for details on the specific
MNRAS 000, 1–27 (2019)
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image used for each field except for 1137+3000 (hereafter
Cl1137), see Tomczak et al. 2017; Rumbaugh et al. 2018.
For details on Cl1137, see §2.3. Fixed-aperture photometry
was performed on all PSF-matched images with SExtractor
employing an aperture of 1.3× the FWHM of the homoge-
nized PSF for each field and transformed to a total magni-
tude using the ratio of aperture and AUTO flux densities
as measured in the detection image. Magnitude uncertain-
ties were calculated from adding, in quadrature, SExtrac-
tor uncertainties to our own estimates of background noise
drawn from the 1σ root mean square (RMS) scatter of mea-
surements in hundreds of blank sky regions for each band.
Spitzer/IRAC magnitudes were incorporated by running the
software T-PHOT (Merlin et al. 2015) on the fully reduced
mosaics using the segmentation maps from the ground-based
detection images as input, with flux density uncertainties es-
timated from the scaled best fit model for each object. For
more details on the reduction and measurements of ORELSE
imaging data see Tomczak et al. (2017).
2.2 Optical Spectroscopy
The optical imaging described above was used following the
methods described in Lubin et al. (2009) to select targets for
spectroscopic followup with the DEep Imaging and Multi-
Object Spectrometer (DEIMOS; Faber et al. 2003), located
at the Nasmyth focus of the Keck ii telescope. In brief, the
spectroscopic targeting scheme employed a series of color
and magnitude cuts that are applied to maximize the num-
ber of targets with a high likelihood of being on the clus-
ter/group red sequence at the presumed redshift of the LSS
in each field (i.e., priority 1 targets). However, as discussed
extensively in Tomczak et al. (2017), because of the rela-
tive rarity of such objects, the majority of targets for all
ORELSE fields were objects with colors outside of these
ranges (predominantly blueward). The fraction of priority
1 targets which entered into our final sample ranged from
∼10% to ∼45% across all ORELSE fields, a fraction which
tended to vary strongly with the density of spectroscopic
sampling per field. We discuss the consequences of this tar-
geting scheme for the results presented in this study in §2.5.
Spectroscopic targets were generally limited to i < 24.5, with
a median of i˜ ∼ 23, though this magnitude limit was not
imposed strictly and an appreciable number of objects were
targeted below this limit. In addition, objects detected at X-
ray wavelengths in our Chandra imaging (Rumbaugh et al.
2017) or at radio wavelengths from our Very Large Array
(VLA) 1.4 GHz imaging (Shen et al. 2017) were also highly
prioritized, though the number density of these objects is
typically low and, thus, such objects only comprised a small
fraction of targets on a given mask (typically <∼ 10%).
Spectral observations with DEIMOS taken as part of
ORELSE exclusively used the 1200 l mm−1 grating with
1′′ slit widths for the ∼120 targets per slitmask and a cen-
tral wavelength that ranged between 7000-8700A˚ depending
on the redshift of the LSS being targeted. These observa-
tions resulted in a pixel scale of 0.33 A˚ pixel−1, a wave-
length coverage of ±1300A˚ roughly centered on the central
wavelength of the observation6, and a spectral resolution of
6 The true central wavelength of a given slit can vary ±150A˚
R ∼ 5000 (λ/θFWHM , where θFWHM is the FWHM spectral
resolution). This setup and resolution was required to allow
us the possibility to detect several important spectral fea-
tures at the redshift of the targeted LSS (e.g., [O ii] λ3726,
3729A˚, Ca ii K&H λ3934, 3969A˚, Dn(4000), and Hδ λ4101A˚)
and to ensure, in most cases, the spectral separation of the
λ3726, 3729A˚ [OII] doublet. Separating this doublet allows
for a secure determination of the redshift of targets based
on this feature alone. The number of slitmasks per field var-
ied from 4 (RCS0224) to 18 (SC1604), with generally larger
and more complex LSSs, as well as those at higher redshift,
given more extensive coverage. Average integration times
per mask ranged from ∼7000s to ∼10500s and were varied
based on conditions and the faintness of the target popu-
lation to roughly maintain the same median signal-to-noise
ratio of all targets from mask to mask. For details on the
observations of specific ORELSE fields, see Table 1.
Observations from DEIMOS were reduced using a mod-
ified version of the Deep Evolutionary Extragalactic Probe
2 (DEEP2; Davis et al. 2003; Newman et al. 2013) spec2d
pipeline. This package combines the individual exposures of
the slit mosaic and performs wavelength calibration, cos-
mic ray removal and sky subtraction on a slit by slit basis,
generating a processed two-dimensional spectrum for each
slit. The spec2d pipeline also generates a processed one-
dimensional spectrum for each slit. This extraction creates
a one-dimensional spectrum of the target, containing the
summed flux at each wavelength in both a boxcar and an
optimized window (Horne 1986). The accompanying spec1d
package is then run on all resulting one-dimensional spectra.
This package cross-correlates a suite of galactic and stellar
templates to find 10 redshifts which correspond local minima
in χ2 space for different combinations of templates. These
redshifts are used to inform the visual inspection process
performed subsequent to the reduction and cross-correlation
steps (see below)
For the purposes of the reduction of the data presented
in this paper, several modifications were made to the official
version of the spec2d pipeline. These modifications included
an improved methodology of interpolating over the ∼ 10 A˚
chip gap between the red and blue CCD arrays on DEIMOS,
the implementation of an improved throughput correction,
and an improvement in the functionality related to estimat-
ing the final wavelength solution. More specifically, rather
than interpolating over single pixel values on either side of
the gap, the pipeline now smooths variations over relatively
large windows (∼50 pixels) on either side of the chip gap and
linearly interpolates over these smoothed arrays. This imple-
mentation helps considerably in reducing artifacts resulting
from reduction or from improper identification of the gap. In
addition, an improved method of applying the measured in-
strumental throughput was employed by combining through-
put data from multiple discrete observational setups7 and
estimating an appropriate throughput correction at every
wavelength for observational setups at all filter/grating/tilt
combinations. The pipeline also now attempts fits to multi-
from the fiducial value depending on where the slit is placed on
the DEIMOS mask in the direction parallel to the dispersion di-
mension.
7 Taken from https://www2.keck.hawaii.edu/inst/deimos/ripisc.html
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Table 1. ORELSE DEIMOS Spectral Observationsa
Fielda λc Avg. Coverage tint Avg. Seeing Nmask N
b
target N
c
spec N
d
spec,gal
log(Mvir/M⊙)
e zs pec
[A˚] [A˚] [s] [′′]
SG0023 7500-7850 6200-9150 5700-9407 0.45-0.81 9 1128 923 758 12.7-13.9 0.829-0.980
RCS0224 7300-7450 6000-8750 6840-7520 0.53-0.88 4 598 493 381 13.9-14.8 0.778-0.854
XLSS005 7900 6600-9200 1063-12600 0.39-1.12 9 999 733 586 14.5 1.056
SC0849 8700 7400-10000 6300-16200 0.51-1.50 8 977 556 390 12.7-14.7 0.568-1.270
RXJ0910 8000-8100 6700-9400 7200-11664 0.50-1.05 7 971 736 505 12.7-14.7 0.760-1.103
RXJ1053 8200 6900-9500 7200-9000 0.56-0.79 5 698 405 300 14.8 1.129-1.204
Cl1137 7850 6550-9150 2600-14400 0.53-1.20 6 827 539 438 14.1 0.955
RXJ1221 7200 5900-8500 4860-8400 0.55-1.20 5 663 519 411 13.9-14.7 0.700-0.702
SC1324 7200 5900-8500 2700-10800 0.44-1.00 12 1653 1332 985 12.8-14.8 0.696-1.098
Cl1350 7500 6200-8800 3600-10400 0.50-1.55 6 803 623 352 13.4-14.7 0.800-0.802
Cl1429 7400-7500 6100-8800 5000-7800 0.43-0.85 8 1017 835 563 14.8 0.987
SC1604 7700 6400-9000 3600-14400 0.50-1.30 18 2358 1801 1294 13.4-14.7 0.600-1.182
RXJ1716 7800 6500-9100 5400-9600 0.54-0.83 6 944 675 513 14.4-15.1 0.809-0.853
RXJ1757 7000-7100 5700-8400 6300-14730 0.47-0.82 6 945 742 397 13.4-14.8 0.693-0.946
RXJ1821 7500-7800 6200-9100 7200-9000 0.58-0.86 6 728 611 342 14.5-15.1 0.817-0.919
a: Field names are shorthand notation of the names given in section §2 and can be matched by number b: For numbers of targets,
secure spectral redshifts, and secure spectral extragalactic redshifts, we also include numbers from all other spectral surveys
incorporated into this study (see §2.2) with the exception of those from the VVDS survey. c: Includes only those objects with a secure
spectral redshift (see §2.2) and includes serendipitous detections which comprise ∼ 3.6% of the entire sample. d: These numbers include
only those galaxies with a secure spectral redshift in the redshift range used in this study, 0.55 ≤ z ≤ 1.4 e: Virial mass range of groups
and clusters detected within each field. These groups and clusters only refer to those previously known groups and clusters reported in
Hung et al. (2019) and not those additional overdensities found in that study.
ple optical models if the fiducial guess fails, has an increased
search window for tweaking the wavelength solution result-
ing from the initial optical model guess as well as an in-
creased tolerance for offsets between wavelength solutions
derived from arc lamps and those derived from night sky
lines. Additionally, a more complete night sky line list has
been added to the code to allow for more accurate match-
ing to the airglow spectrum measured on the science frames.
These latter changes were necessary as it was noticed early
on in the reduction of some masks that wavelength solutions
were either failing catastrophically, or, worse, converging,
without error, to incorrect values for some slits on our masks
while converging to correct values for other slits. Finally, a
larger suite of empirical templates generated from a vari-
ety of observations (Lilly et al. 2007; Lemaux et al. 2009;
Le Fe`vre et al. 2013, 2015) was added to the templates used
in the spec1d cross-correlation process primarily to allow
the extension of its functionality to higher (z > 2) redshift.
Following the reduction and template cross-correlation,
each spectrum was then visually inspected using the pub-
licly available DEEP2 redshift measurement program, zspec
(Newman et al. 2013) to determine, if possible, the redshift
of each target either from the list 10 redshifts determined by
spec1d or from a custom redshift fit to visually-identified
spectral features. Additionally, all two-dimensional spec-
tra were searched for serendipitous detections both spa-
tially coincident and separated from target galaxies (see
Lemaux et al. 2009 for details on these types of detections
and the method used for finding them). For those spectra
which contain one or more serendipitous detections, one-
dimensional spectra were extracted in the same manner as
was done with the spec2d pipeline and their redshifts were
determined, when possible, in the zspec environment. Each
target and serendipitous detection was assigned a quality
code, Q, which represents our confidence in the redshift
measurement. The criteria required to assign each quality
code is the same as that adopted in the DEEP2 survey (see
Gal et al. 2008; Newman et al. 2013; Tomczak et al. 2017
for details on these criteria). For this study, we consider
only those objects with Q=-1, 3, & 4 to have secure spec-
tral redshifts. These three quality codes correspond to stellar
(Q = −1) and extragalactic (Q = 3, 4) redshifts secure at the
> 95% level.
Additionally, a small number of spectral redshifts
(∼250) were included from ORELSE precursor surveys
or other, unrelated surveys designed specifically to ob-
serve the LSSs also targeted in ORELSE (Oke et al. 1998;
Gal & Lubin 2004; Gioia et al. 2004; Tanaka et al. 2008;
Mei et al. 2012) that employed a variety of different instru-
ments and setups. For spectra coming from these surveys
we imposed, to the best of our ability, the same quality
code system as was applied to our DEIMOS data and ac-
cepted only those spectral redshifts with a high probability
of being correct (i.e., the equivalent of Q=-1, 3, & 4). Fi-
nally, an additional ∼1000 redshifts were drawn from the
VIMOS Very Deep Survey (VVDS; Le Fe`vre et al. 2013), of
which ∼700 are within the redshift range used in this study
(0.55 ≤ z ≤ 1.4). These objects are exclusively located in the
XLSS005 field. For these data, we incorporated only those
objects with spectroscopic reliability flags of X2, X3, X4, or
X9, where X=0-28, which corresponds to a probability of be-
ing correct of >∼ 75%. Our results do not change appreciably
if we instead adopt only those objects in VVDS with highly
8 X=0 is reserved for target galaxies, X=1 for broadline AGN,
and X=2 for non-targeted objects that fell serendipitously on a
slit at a spatial location separable from the target.
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secure (> 95%) spectral redshifts. Galaxies suspected of con-
taining an AGN due to either detection in X-rays, radio,
broadline spectral features, or power-law infrared spectral
energy distributions (SEDs) were kept in our final sample
as the redshift of such sources still remains useful for a va-
riety of purposes. Further, the presence of the AGN does
not necessarily preclude the possibility that some or all of
the physical parameters derived from our SED fitting pro-
cess (see §2.4) remain valid as, in many cases, the restframe
ultraviolet/optical/NIR portion of the SED remains domi-
nated by the stellar component of such galaxies. Regardless,
our results do not change appreciably if these objects are
excluded from all analysis. The number of spectral targets,
secure spectral redshifts, and with the total number of se-
cure spectral extragalactic redshifts in the redshift range
studied in this paper are given in Table 1. These numbers
include both serendipitous detections and all redshifts from
non-ORELSE surveys with the exception of VVDS. Also in
Table 1 we list the properties of the known ORELSE groups
and clusters listed in Hung et al. (2019). For a full account
of the groups and clusters detected in the ORELSE fields
see Hung et al. (2019).
2.3 Cl 1137+3000
The only ORELSE field included in the sample presented
in this paper that has not appeared in detail in previous
ORELSE studies is Cl1137. The remainder of the fields as
well as the associated observations on each field are discussed
extensively in other ORELSE papers (e.g., Lemaux et al.
2012, 2017; Rumbaugh et al. 2017, 2018; Tomczak et al.
2017, 2019). The Cl1137 field is unique among the ORELSE
sample as it is the only cluster selected at radio wavelengths.
This selection was based on the presence of a large (∼240
kpc) wide-angle tailed radio source (WAT; Owen & Rudnick
1976) detected in the Very Large Array (VLA) Faint Im-
ages of the Radio Sky at Twenty Centimeters (FIRST;
Becker et al. 1995) survey, which is indicative of a Fanaroff-
Riley type I (Fanaroff & Riley 1974) active galactic nucleus
(AGN) or a similar phenomenon interacting at high relative
velocities with ambient material, typically that formed by
the presence of a group or cluster (O’Donoghue et al. 1993;
Blanton et al. 2003). An optical/NIR imaging and Keck
ii/Low Resolution Imaging Spectrometer (LRIS; Oke et al.
1995) spectroscopic campaign in the region surrounding the
location of the WAT confirmed the presence of a structure
at a systemic9 redshift of 〈z〉 = 0.9559 with a line of sight
(LOS) galaxy velocity dispersion of σv = 530
+190
−90
km s−1
based on ten members (Blanton et al. 2003). The projected
distance of the WAT with respect to the structure center
as determined by the ORELSE data (see below), ∼0.25 h−1
70
,
is well within R500 and consistent with the typical observed
location of WATs in lower redshift clusters making it ex-
tremely likely that its origins result from interaction with a
dense medium.
Both proprietary and archival optical/NIR imaging
were collected on the Cl1137 field from Subaru/Suprime-
Cam, UKIRT/WFCAM, and Spitzer/IRAC to the depths
9 Calculated by the biweight mean of the galaxies presented as
members in Blanton et al. (2003)
Table 2. Photometry
Filter Telescope Instrument Deptha
Cl1137
B Subaru Suprime-Cam 25.9
V Subaru Suprime-Cam 26.0
RC Subaru Suprime-Cam 25.3
IC Subaru Suprime-Cam 24.4
I+ Subaru Suprime-Cam 25.1
Z+ Subaru Suprime-Cam 24.6
J UKIRT WFCAM 22.5
K UKIRT WFCAM 21.6
[3.6] Spitzer IRAC 23.2
[4.5] Spitzer IRAC 23.3
a 80% completeness limits derived from the recovery rate of ar-
tificial sources inserted at empty sky regions.
listed in Table 2. These data were reduced, and PSF-
matched photometry was measured for all ten bands
in a manner identical to that presented in §2.1 and
Tomczak et al. (2017) using the Z+-band image as the detec-
tion image. In total, six masks were observed with the Keck
ii/DEIMOS from January 2011 to April 2015 as part of the
ORELSE survey. Integration times varied from 2600-14400s
per mask10 under mostly photometric conditions and see-
ing which varied from 0.5-1.2′′. All observations were taken
with the 1200 l mm−1 grating tilted to a central wavelength
of 7850A˚ and used the OG550 order blocking filter. Spec-
troscopic targets were assigned following the scheme pre-
sented in Lubin et al. (2009), with objects that had RC I
+Z+
colors consistent with those expected for a generic cluster
red sequence at z ∼ 0.95 were highly prioritized (i.e., pri-
ority 1). In the Cl1137 field, out of 827 targets, only 116
(14.0%) had colors consistent with our priority 1 color win-
dow (i.e., 1.0 ≤ RC − I
+ ≤ 1.4, 0.6 ≤ I+ − Z+ ≤ 1.0). In
total, these observations yielded 539 (438) high-quality (ex-
tragalactic) redshifts, of which 66 fell in the redshift range
of the main LSS of 0.937 < z < 0.963. Only one massive
structure was found in this field, a structure centered at
[αJ2000, δJ2000] = [174.39786, 30.00893]
11 , with a systemic
redshift of 〈z〉 = 0.9553 and a LOS galaxy velocity disper-
sion of σv = 535 ± 81 km s
−1 based on 28 members within
1 h−1
70
Mpc from the structure center. Following the formal-
ism of Lemaux et al. (2012), these measurements indicate a
structure with a virial mass of log(Mvir/M⊙) = 14.1 ± 0.2,
consistent with the presence of either a low-mass cluster or
a high-mass group.
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Figure 2. Left : Rest-frame MNUV − Mr/Mr − MJ color-color diagram (CMD) for all objects in ORELSE in the photometric redshift
range indicated that fall within ≤ 60′′ of a spectral target and have an apparent magnitude in the range 18.5 ≤ i ≤ 24.5 and 18.5 ≤ z ≤ 24.5
for objects with zphot < 1 and zphot ≥ 1, respectively. The number of zphot objects satisfying these criteria is given in the top left.
The color bar in the bottom right of the panel indicates the associated color for the number of objects in each two-dimensional bin.
The solid line shows an average of the color-color criteria used to delineate quiescent galaxies (top left region, above the lines) and
star-forming galaxies (bottom right region, below the lines) at z < 1 and z ≥ 1 (see §2.4). Right: The same as the left panel, but for
galaxies spectroscopically confirmed in the redshift range indicated subject to the same apparent magnitude cuts as the zphot objects.
2.4 Spectral Energy Distribution Fitting and
Stellar Mass Limits
Fitting of the SED of each object detected in the detection
image of each field was first performed on aperture magni-
tudes measured on the PSF-homogenized images using the
Easy and Accurate zphot from Yale (EAZY, Brammer et al.
2008) code. This fitting was done for the purposes of esti-
mating photometric redshifts (hereafter zphot) of each object
and an associated probability distribution function (PDF).
The PDFs were generated by minimizing the χ2 of the ob-
served flux densities and a set of basis templates at each
redshift (including emission lines, see Brammer et al. 2011).
See Tomczak et al. (2017) for more details on this fitting
process. The parameter “zpeak” was adopted as the measure
of zphot , with the uncertainties on this parameter estimated
from the PDF of each source. Additional fitting for each
source was done to the Pickles (1998) stellar library and
was used, in conjunction with a variety of other criteria,
to create a “use flag” for each source (see Tomczak et al.
2017 for more details on this flag). Objects with a use flag
set to zero, except for those objects which were spectro-
scopically determined to be a star at high confidence, were
removed from all subsequent analysis. These objects typ-
ically totaled ∼5-10% of the total number of objects in a
10 The shallowest mask was used primarily to select targets for
subsequent masks. The next shortest integration time was 7200s.
11 This center represents the Z+ luminosity-weighted center of all
spectroscopic member galaxies. For more details on this calcula-
tion see Ascaso et al. (2014).
given ORELSE field. The precision and accuracy of the pho-
tometric redshifts were estimated from fitting a Gaussian
to the distribution of (zspec − zphot )/(1 + zspec) measure-
ments in the range 0.5≤ z ≤1.2 and a use flag=1. This ex-
ercise resulted in a precision of σ∆z/(1+z) = 0.017 − 0.038,
with an average of 0.029, and a catastrophic outlier rate
(∆z/(1 + z) > 0.15) that ranges from η ∼ 1.7 − 9.5%, with an
average of 5.8%, across all ORELSE fields to limit of i ≤ 24.5.
At this stage, if applicable, systematic offsets from zero in
the (zspec − zphot )/(1+ zspec) distribution in each field were
cataloged and corrected by applying the opposite of this off-
set to all zphot values. These offsets ranged from -0.006 to
0.005 with a median offset of 0.001. Subsequently, an addi-
tional phase of SED fitting was run with EAZY in which ei-
ther the high-Q zspec, when available, or the zphot was set as
a redshift prior in order to estimate extinction-uncorrected
rest-frame magnitudes estimated from the best-fit template
following the methodology of Brammer et al. (2011). These
rest-frame magnitudes are primarily used in this paper to
determine, in a binary fashion, the state of star formation in
objects that enter our final sample. For all such objects, we
adopt the rest-frame MNUV − Mr vs. Mr − MJ cuts used in
Lemaux et al. (2014b) to delineate between galaxies whose
rest-frame colors are dominated by older and younger stel-
lar populations used in Lemaux et al. (2014b). These two
colors, or similar proxies, have been found to be intimately
tied to the level of star formation activity (Arnouts et al.
2007; Martin et al. 2007; Wyder et al. 2007) and dust con-
tent of galaxies (e.g., Arnouts et al. 2013) and are extremely
effective in separating the two populations independent of
dust concerns (e.g., Williams et al. 2009; Ilbert et al. 2010,
MNRAS 000, 1–27 (2019)
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Figure 3. Top Left : Rest-frame MNUV −Mr color-stellar mass diagram (CSMD) for all objects in ORELSE in the photometric redshift
range indicated in §2.5 that fall within ≤ 60′′ of a spectral target and have an apparent magnitude in the range 18.5 ≤ i ≤ 24.5 and
18.5 ≤ z ≤ 24.5 for objects with zphot < 1 and zphot ≥ 1, respectively. The number of zphot objects satisfying these criteria is given
in the top left. The color bar in the bottom right of the panel indicates the number of objects in each two-dimensional bin. Top Right:
The same as the left panel, but for galaxies spectroscopically confirmed in the redshift range indicated subject to the same apparent
magnitude cuts as the zphot objects in the left panel. Bottom: Fraction of zs pec to zphot objects from the top two panels as a function
of rest-frame color and stellar mass. At least 10 zphot objects are required to fall within a given color/stellar mass bin in order to be
plotted. Accompanying histograms of the ORELSE zs pec and zphot samples in stellar mass and rest-frame color are shown and are
normalized such that the area of two histograms for each parameter are equal for stellar masses in excess of 1010M⊙ and colors bluer than
MNUV −Mr = 2. As can be seen in both the one- and two-dimensional histograms, the fraction of spec-zs in ORELSE drops dramatically
below these two limits. Above these limits, the spectral sample is found to be broadly representative of the underlying zphot population
in terms of these two parameters (see §2.5).
2013; Muzzin et al. 2013; Moutard et al. 2016b). We use the following redshift-dependent criteria to define objects dom-
inated by older stellar populations:
MNUV − Mr ≥ 2.8(Mr − MJ ) + 1.51 ∧
MNUV − Mr ≥ 3.75 (z < 1)
MNUV − Mr ≥ 2.8(Mr − MJ ) + 1.36 ∧
MNUV − Mr ≥ 3.60 (z ≥ 1)
(1)
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Note that at all redshifts investigated in this study in all
ORELSE fields there existed imaging in bands whose filter
curves in the rest-frame appreciably overlapped with each
of the three rest-frame bands used here such that template-
based k-corrections are minimized. Galaxies meeting their
redshift-appropriate criteria above were designated as “qui-
escent”, while all remaining galaxies were classified as “star-
forming”.
As a rough estimate of the level of SSFR a classifica-
tion of quiescent/star-forming corresponds to, in Ilbert et al.
(2013) it is shown that the quiescent region of this dia-
gram, defined in a similar way to our own, contains nearly
all galaxies with log(SSFRSED yr)< 10
−11 for the redshift
range considered in this study. While we were not able to
estimate SFR values from our DEIMOS/LRIS spectroscopy
for galaxies classified as quiescent due to fear that the main
emission line present in our spectroscopy across the full red-
shift range studied here, [O ii], does not faithfully trace star
formation activity (e.g., Yan et al. 2006; Lemaux et al. 2010,
2017), we did measure the extinction-corrected [O ii]-derived
SSFR for the galaxies in the spectral sample classified as
NUVrJ star forming. The procedure to estimate SSFR[O ii]
values generally followed the formalism of Lemaux et al.
(2014b), which combines rest-frame magnitudes as well as
other SED-fit parameters along with the equivalent width
of the [O ii] as measured from our DEIMOS/LRIS spec-
troscopy. Rest-frame U−band magnitudes were taken from
our EAZY fitting, stellar masses and extinctions from our
FAST fitting (see below), and the Wuyts et al. (2013) re-
lation was adopted to translate between stellar and nebular
extinction. The equivalent widths of [O ii] were measured us-
ing the bandpass method described in Lemaux et al. (2010).
Of the ∼ 4300 ORELSE spectral galaxies classified as NUVrJ
star-forming across all redshifts, the vast majority of galax-
ies, ∼97%, were found to have extinction-corrected [O ii]-
derived SSFR values in excess of log(SSFR[O ii] yr)> 10
−11.
The final stage of the fitting process employed the
code Fitting and Assessment of Synthetic Templates (FAST,
Kriek et al. 2009) for the purposes of estimating galaxy
physical parameters. This time aperture-corrected mag-
nitudes are used (see §2.1) with the same redshift pri-
ors as were used in the final stage of the EAZY fit-
ting. Exponentially declining stellar population synthesis
(SPS) Bruzual & Charlot 2003 models (hereafter BC03)
were adopted with a Chabrier 2003 initial mass function,
a Calzetti et al. (2000) extinction law, and a stellar-phase
metallicity fixed at Z = Z⊙. The ranges of allowed param-
eters are identical to those of Tomczak et al. (2017), with
the imposition that the age of a given objects could not ex-
ceed the age of the universe at the estimated redshift of that
object. The value of each parameter is taken from the best-
fit value and uncertainties are derived through 100 realiza-
tions of re-fitting to an SED with photometry that has been
tweaked by a Gaussian random multiple of its photometric
errors for each band (as in, e.g., Ryan et al. 2014).
2.5 Spectral Representativeness
As discussed in Tomczak et al. (2017), the ORELSE imaging
of the fields presented in that paper is broadly to a sufficient
depth to detect all galaxy types to a stellar mass limit of
log(M∗/M⊙) >∼ 10 over the redshift range studied here. Here
we test that statement for all ORELSE fields using a method
similar to that described in Tomczak et al. (2017). Stellar
mass limits are determined by scaling the brightness of an
exponentially declining BC03 model galaxy at each redshift,
in steps of ∆z = 0.1, to the 80% magnitude completeness
limits of the detection image in each field. The BC03 tem-
plate was generated with a formation redshift of z f = 5, a
star-formation history (SFH) with an e-folding time (τ) of 1
Gyr, a Chabrier (2003) IMF, and no internal dust extinction.
The scaling factor used to match the brightness of the model
galaxy at each redshift to the magnitude completeness lim-
its is similarly used to scale the stellar mass of the model
galaxy that then sets the mass completeness limit. Note that
this template will contain a higher stellar mass-to-light ra-
tio than the vast majority of galaxies at all redshifts studied
here and, thus, represents a conservative upper limit to the
stellar mass completeness of the ORELSE images. We find
that the statement made in Tomczak et al. (2017) generally
holds for the full ORELSE sample presented here, with most
fields having stellar mass limits of log(M∗/M⊙) ∼ 10 or be-
low from 0.55 ≤ z ≤ 1.4. While a few fields have stellar mass
limits in excess of 1010M⊙ at or near the highest redshifts
presented in this study, our results do not change meaning-
fully if we tailor the redshift range included in each field to
set comparable stellar mass limits across the entire sample.
As such, we ignore any effects of the differential loss to our
sample of lower mass, older quiescent galaxies in a few of the
ORELSE fields at the highest redshifts studied in this paper.
Note that extremely dust-reddened galaxies at these stellar
masses broadly comparable rest-frame optical/UV fluxes to
galaxies dominated by a near-maximal age stellar popula-
tion. As the detection bands12 employed in ORELSE probe
the rest-frame optical or redder-portion of the UV for galax-
ies in the redshift range considered in this study, such dusty
populations should generally be detected by our imaging.
Such a statement is corroborated by the routine detection
of dusty star-forming galaxies in both our imaging and spec-
troscopy (see, e.g., Kocevski et al. 2011; Shen et al. 2017).
In Shen et al. (2017), a spectral sample drawn from five
ORELSE LSSs was compared to an underlying photomet-
ric population at various stellar mass and color limits. This
comparison was made in order to understand to what lim-
its the spectral sample in that study could be considered
representative of the galaxy population at these redshifts
as a whole. It was found for an apparent magnitude cut
of i ≤ 24.5 that the ORELSE spectral sample presented in
that paper could be broadly characterized as being repre-
sentative of the underlying photometric population in the
range log(M∗/M⊙) ≥ 10.2 and MNUV − Mr ≥ 2.5. Here
we expand this comparison to all of ORELSE following a
method similar to that presented in Shen et al. (2017). Spec-
tral and photometric samples from all ORELSE fields were
selected within the redshift range 0.55 ≤ zspec/zphot ≤ 1.4
and to an apparent magnitude limit of 18.5 ≤ i ≤ 24.5 or
18.5 ≤ z ≤ 24.5 depending on whether the object is at z ≤ 1
or z ≥ 1, respectively. The zphot sample in each ORELSE
field consisted only of those objects without a high-Q zspec
that were within 60′′ of an object targeted for spectroscopy,
12 see, Tomczak et al. 2017; Rumbaugh et al. 2018 and §2.3 for
details on detection bands for each ORELSE field.
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Figure 4. Left: Redshift histogram of the ∼2500 star-forming (filled light blue) and ∼2000 quiescent (hatched red) galaxies in our final
spectroscopic sample as well as the combined sample (gray histogram). All galaxies included in these histogram are subject to the stellar
mass and rest-frame MNUV −Mr cuts indicated as well as the redshift and apparent magnitude cuts given in §2.5, cuts that are imposed
to ensure the representativeness of the spectral sample. Peaks corresponding to individual LSSs are clearly visible in the distribution.
Right: Distribution in local overdensity, log(1 + δgal), as estimated by our Voronoi Monte Carlo technique (see §2.6) of the same galaxy
samples shown in the left panel. The galaxies in the final spectral sample span a wide spread in local density that ranges from the sparse
field to the core of massive clusters. The fraction of quiescent galaxies appears to increase systematically with increasing log(1 + δgal),
with such galaxies appearing almost exclusively in the highest density environments log(1 + δgal)>∼ 1.5.
a scheme which roughly selects all those objects which were
potential spectroscopic targets which were not targeted or
which were targeted but for which we had no secure zspec .
The value 60′′ was chosen to ensure that the zphot objects
selected broadly shared the same depth and breadth of imag-
ing as the actual spectral targets, but large enough that it
does not excise objects that fell within the spectral footprint
that were separated from the spectral targets only by virtue
of the chosen slit geometry (i.e., 60′′ is roughly half of the
maximum interslit distance for our masks). In addition, only
those objects with estimated stellar masses and rest-frame
magnitudes and with a use flag=1 (see §2.4) were included in
this comparison. Rest-frame NUVrJ color-color diagrams for
these spectroscopic and zphot samples are shown in Figure
2 along with the delineation lines for quiescent and star-
forming galaxies described earlier in this section. Note that
the upper right portion of the star-forming locus, i.e., objects
with Mr − MJ > 1 and MNUV − Mr > 3.5, a region where
the dustiest galaxies are thought to lie (e.g., Arnouts et al.
2013) are well represented in both samples. Further, the rela-
tive abundance of objects in this region of color-color space
is comparable to legacy fields like, e.g., COSMOS, where
the detection band(s) employed are well in the rest-frame
NIR at these redshifts where dust effects are minimal (e.g.,
Ilbert et al. 2013; Laigle et al. 2016).
We compared the stellar mass and rest-frame MNUV −
Mr color distributions for the spectroscopic and zphot sam-
ples in bins of 0.2 dex and 0.5 mags, respectively, by means
of a Kolmogorov-Smirnov (KS) test for all values of log(M∗)
and MNUV −Mr . For objects with stellar masses in excess of
log(M∗/M⊙) = 10.0 and colors redder than MNUV −Mr = 2.0
the KS tests were unable to discern the two distributions in
all bins of stellar mass and color at a confidence of >∼ 3σ. In
addition, for all bins of M∗ and MNUV − Mr color within
these ranges, the fraction of zphot objects with secure spec-
troscopic redshifts exceeded 10% and generally fell within
the range 15 − 35%. Figure 3 shows the MNUV − Mr rest-
frame color-stellar mass diagram (CSMD) of each of these
two samples as well as the fraction of secure spectral red-
shifts as a function of stellar mass and MNUV − Mr color.
Regardless of the results above, there still appears to
be an excess of the fraction of NUVrJ quiescent galaxies
in the ORELSE spectral sample relative to that of the full
underlying photometric population. Such an excess can be
explained by our preference to spectroscopically target ob-
jects with a higher likelihood of being in LSS environments,
and, thus, conventionally, more likely to be quiescent. How-
ever, this relative excess is only an issue for our analysis if it
persists in different environments, as all analysis presented
in this study relies on the assumption that the fraction of
quiescent galaxies is being measured representatively by our
spectral sample in all environments probed by our data. To
test this, we compared the fraction of quiescent galaxies in
the photometric and spectroscopic sample in the three differ-
ent environmental bins defined in §3.1. In each of the three
cases, the quiescent fractions of the two samples are simi-
lar, never exceeding a difference of 0.05. A similar level of
concordance is observed if the three environmental bins are
further broken down into two redshift bins. This high degree
of concordance implies that no bias is induced through our
spectral sampling scheme in terms of the fraction of quies-
cent galaxies in a given environment at a given redshift.
Through these comparisons, in conjunction with the
knowledge that the imaging in all fields is of sufficient depth
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to detect galaxies of all types to log(M∗/M⊙) ≥ 10, we
conclude that the ORELSE spectral sample shown here
is broadly representative of the full galaxy population in
the range log(M∗/M⊙) ≥ 10.0, MNUV − Mr > 2.0, and
0.55 ≤ z ≤ 1.4. These limits, along with the associated ap-
parent magnitude and quality flag cuts, set the final spec-
tral sample that is presented in the remainder of the paper.
This final sample consists of 4552 galaxies with secure spec-
tral redshifts and reliable photometry. Since we have shown
that this sample is representative of the full galaxy popula-
tion in the range of colors, stellar masses, and redshifts we
are probing, and, further, since zphot objects have relatively
large uncertainties in all three of the parameters were are
interested in (z, M∗, and log(1 + δgal)), we chose for the re-
mainder of the paper to exclusively use this final spectral
sample. We note that none of the results presented in this
paper change meaningfully if we slightly change the stellar
mass and color limits that define our final sample (i.e., by
±0.2 dex and ± 0.5 mags, respectively).
2.6 Local Overdensity
In order to estimate the local environment of the galaxies
in our sample, we employ the Voronoi Monte-Carlo (VMC)
technique described in (Lemaux et al. 2017). This estimator
has been employed in a variety of different works at both low
and high redshift (e.g., Shen et al. 2017, 2019; Lemaux et al.
2017, 2018; Tomczak et al. 2017, 2019; Pelliccia et al. 2018;
Cucciati et al. 2018), and its precision and accuracy are dis-
cussed briefly in Tomczak et al. (2017). Further quantitative
measures of the precision and accuracy of this reconstruc-
tion for the detection and characterization of groups and
clusters will be presented in Hung et al. (2019). Here, the
VMC method is described briefly.
The VMC attempts to combine the information pro-
vided by the high-precision spectroscopic redshifts with the
full P(z) information contained within each object without
a spectroscopic redshift to determine the local overdensity
in thin redshift slices that span the redshift range where
both our spectroscopic and photometric data are sensitive
(0.55 ≤ z ≤ 1.4). In this scheme, all objects with secure
spectroscopic redshifts are considered to be at the measured
redshift. For those objects without a secure spectroscopic
redshift, multiple realizations are run for each redshift slice
to sample from the statistics of the photometric redshift
assigned to each object to determine the range of possible
density fields. In practice, for each Monte-Carlo realization,
Gaussian sampling is performed to determine a new set of
zphot values for each object without a high quality zspec
(but with a good use flag, see §2.4) for that realization. The
sampled value, in units of σ, is then multiplied by either
the effective 1σ lower or upper uncertainty on zphot for that
object depending on which side of the peak of the Gaus-
sian sample fell. This value is then either subtracted from or
added to the original zphot for each object to create a new
set of zphot, MCi for that realization. A thin redshift slice is
cut from the combined catalog which includes both objects
with new zphot values as well as all galaxies with high qual-
ity extragalactic zspec , and Voronoi tessellation is performed
for the realization of that slice. This process is performed,
in total, for 100 realizations for each of the 85 redshift slices
running from 0.55 ≤ z ≤ 1.4, which is the number of slices re-
quired to span this redshift range for a slice width of ±1500
km s−1 and steps between the central redshift of adjacent
slices that are half of the slice depth (i.e., 1500 km s−1).
For each realization of each slice, a grid of 75×75 kpc is
created to sample the underlying local density distribution.
The local density at each grid value for each realization and
slice is set equal to the inverse of the Voronoi cell area (multi-
plied by D2
A
) of the cell that encloses the central point of that
grid. Final local densities, ΣVMC , for each grid point in each
redshift slice are then computed by median combining the
values of the 100 realizations of the Voronoi maps for that
slice. The local overdensity value for each grid point is then
computed as log(1+ δgal) ≡ log(1+ (ΣVMC − Σ˜VMC)/Σ˜VMC ),
where Σ˜VMC is the median ΣVMC for all grid points over
which the map is defined (i.e., where there is coverage in a
sufficient number of imaging bands). By adopting local over-
density rather than local density as a proxy of environment,
we largely mitigate issues of sample selection and differential
bias as a function of redshift. For VMC overdensity maps in
all ORELSE fields, photometric and spectroscopic catalogs
were cut at 18 ≤ i ≤ 24.5 or 18 ≤ z ≤ 24.5 depending on
the field. Uncertainties associated with the overdensity es-
timate for each object are taken from the 16th and 84th
percentile of the log(1+ δgal) distribution generated from all
100 Monte Carlo iterations. Figure 4 shows the redshift and
log(1+δgal) distribution of all galaxies contained in our final
spectral sample defined in §2.5.
3 THE PERSISTENCE OF THE
COLOR-DENSITY RELATION AND
EFFICIENT ENVIRONMENTAL
QUENCHING TO Z ∼ 1.4
3.1 The Quiescent Fraction in ORELSE
In Figure 5 we show the quiescent fractions, fq, of galaxies in
our final spectral sample as a function of z, log(1+ δgal), and
M∗. The quantity fq is simply defined as Nq/(NSF + Nq),
where Nq and NSF refer to the number of quiescent and
star-forming galaxies, respectively. Galaxies are separated
into star-forming and quiescent types based on the scheme
described in §2.4. As noted in §2.5, this sample is com-
prised only of those ORELSE galaxies with log(M∗) ≥ 10
and MNUV −Mr ≥ 2 and, as such, represent an upper limit to
the true quiescent fractions of all galaxies with log(M∗) ≥ 10
in the redshift range 0.55 ≤ z ≤ 1.4. However, as shown in
Figure 3, galaxies with colors bluer than MNUV − Mr = 2
only begin to comprise a non-negligible fraction (∼ 15%) of
the total galaxy population for stellar masses in the range
10.0 ≤ log(M∗) ≤ 10.5. For higher stellar masses, the con-
tribution of galaxies at such colors is effectively negligible
(∼ 1%). We choose not to make a correction for this effect
throughout the paper as we do not know a priori the rela-
tive number of galaxies with MNUV −Mr < 2 in each redshift
and environmental bin.
The full sample is broken into three different M∗ bins
for each redshift and environmental density bin that broadly
follow the ranges 10-10.5 (low-M∗), 10.5-10.9 (med-M∗),
and >10.9 (high-M∗) in log(M∗/M⊙). Similarly, galaxies are
broken into three different log(1 + δgal) bins for each that
broadly follow the ranges < 0.3 (low-log(1 + δgal)), 0.3-0.7
MNRAS 000, 1–27 (2019)
Persistence of Efficient Environmental Quenching to z ∼ 1.4 13
0.6 0.8 1.0 1.2 1.4
z
0.0
0.2
0.4
0.6
0.8
1.0
f q
low-M∗ (log(<M∗>/MO •)=10.24)
med-M∗ (log(<M∗>/MO •)=10.66)
high-M∗ (log(<M∗>/MO •)=11.07)
Low-log(1+δgal)
Ngal=1771
18.5 ≤ i′/I+/Ic/z′/Z+ ≤ 24.5
log(M∗/MO • ) ≥10.0
MNUV-Mr ≥ 2.0
0.6 0.8 1.0 1.2 1.4
z
0.0
0.2
0.4
0.6
0.8
1.0
f q
low-M∗ (log(<M∗>/MO •)=10.26)
med-M∗ (log(<M∗>/MO •)=10.67)
high-M∗ (log(<M∗>/MO •)=11.09)
Intermediate-log(1+δgal)
Ngal=1552
18.5 ≤ i′/I+/Ic/z′/Z+ ≤ 24.5
log(M∗/MO • ) ≥10.0
MNUV-Mr ≥ 2.0
0.6 0.8 1.0 1.2 1.4
z
0.0
0.2
0.4
0.6
0.8
1.0
f q
low-M∗ (log(<M∗>/MO •)=10.26)
med-M∗ (log(<M∗>/MO •)=10.66)
high-M∗ (log(<M∗>/MO •)=11.10)
High-log(1+δgal)
Ngal=1229
18.5 ≤ i′/I+/Ic/z′/Z+ ≤ 24.5
log(M∗/MO • ) ≥10.0
MNUV-Mr ≥ 2.0
Figure 5. Top Left: Quiescent fraction, fq , of galaxies in the lowest overdensity regime of the final spectral sample (log(1+δgal)<∼ 0.3, i.e.,
field environments) as a function of redshift in three different stellar mass ranges (roughly 10-10.45, 10.45-10.9, and >10.9 in log(M∗/M⊙)
for the low-, med-, and high-M∗ samples, respectively). The median stellar mass of the galaxies in each stellar mass bin across all
redshifts is shown in the top right. The apparent magnitude, stellar mass, and rest-frame color criteria imposed on the final spectral
sample is shown in the bottom left, and the number of galaxies in this environmental bin is given in the top left. Uncertainties are
derived from Poissonian statistics. Top Right: Identical to the top left panel but for the galaxies in the intermediate overdensity sample
(i.e., infall/intermediate regions of groups/clusters). Bottom: Identical to the other two panels but for galaxies in the highest densities
in ORELSE (i.e., intermediate/core regions of groups/clusters). Galaxy populations in higher density environments and at higher stellar
masses are generally seen to exhibit a higher incidence of quiescent galaxies from 0.55 ≤ z ≤ 1.4. Only the low-M∗ galaxies appear to
evolve strongly in fq with redshift, with that of galaxies in the other two stellar mass bins showing moderate to no redshift evolution.
(intermediate-log(1 + δgal)), and > 0.7 (high-log(1 + δgal)).
Physically, these three environmental density bins can be
thought of as corresponding to field galaxies, the dense field
combined with infall or intermediate regions of groups and
the infall regions of clusters, and the intermediate to core
regions of both groups and clusters, respectively. These in-
terpretations are based on the distribution of galaxies in
each local overdensity bin in projected radial and differen-
tial velocity space relative to the closest group or cluster
(i.e., global density η ≡ Rproj/R200 × |δv |/σv). For precise
definitions of infall, intermediate, and core regions as well as
our method for calculating global density see Pelliccia et al.
(2018), Shen et al. (2019), and references therein. It is im-
portant to note also that our VMC log(1 + δgal) metric also
shows a significant (>>3σ) degree of correlation with the
global metric referred to above. This is true also for the
more inveterate environmental metric that simply employs
the normalized projected radial distances of galaxies relative
to the centroid of their nearest group or cluster. In terms of
this metric, the high-log(1 + δgal) bin galaxies fall within
0 ≤ Rproj/R200 ≤ 1, with an average Rproj/R200 = 0.58.
Since all ORELSE groups and clusters are included in this
analysis, the average total mass of structures considered
here is log(Mvir /M⊙) = 14.4. The exact limits for both the
stellar mass and environmental density bins at each red-
shift are slightly modulated (±0.1 dex) for each bin in or-
der to attempt to roughly impose equal numbers of galax-
ies in each z/log(1 + δgal)/M∗ bin. Uncertainties associated
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with each quiescent fraction are calculated using the formula
NqNSF/(NSF + Nq)
3 derived from Poisson statistics.
The general relationship of fq with respect to each of
the three parameters against it is plotted is apparent from
a visual inspection of Figure 5. In essentially all epochs
observed in ORELSE over the redshift range studied here
(0.55 ≤ z ≤ 1.4), galaxy populations with increasing stel-
lar masses are observed with higher quiescent fractions. The
behavior of fq with redshift across all environmental den-
sity bins appears to be broadly self-similar, with med- to
high-M∗ galaxies showing little to no significant decrease in
their fq over the observed redshift range and low-M∗ galax-
ies exhibiting a clear monotonic decrease in fq with redshift.
While the behavior appears similar for galaxies residing in
each type of environment studied here, there is a clear in-
crease in fq of 0.1-0.2 at essentially all stellar masses and
redshifts when moving from the field to galaxies primarily
inhabiting group/cluster environments (i.e., low- to high-
log(1 + δgal)). It appears from these measurements that the
ability of high-density environments to quench galaxies of
essentially all stellar masses persists from 0.55 ≤ z ≤ 1.4,
a claim that is consistent with other works studying the
galaxy populations of groups and clusters at similar redshifts
(e.g., Cooper et al. 2007, 2010; Cucciati et al. 2010, 2017;
Kovacˇ et al. 2010; Vulcani et al. 2010; Muzzin et al. 2012;
Balogh et al. 2016; Nantais et al. 2017). A possible excep-
tion to this statement enters for the low-M∗ sample at the
highest redshifts observed in ORELSE. At these redshifts
and stellar masses the fq of galaxies in the high-log(1+ δgal)
bin becomes formally consistent with that of their counter-
parts inhabiting field environments. This lack of a significant
difference implies that group/cluster environments at z >∼ 1.1
are either marginally effective or completely ineffectual at
quenching galaxies at stellar masses of log(M∗/M⊙) ∼ 10.2.
In Table 3 we list fq values and their associated un-
certainties for all environmental, redshift, and stellar mass
bins measured in ORELSE. Using the values in Table 3 we
performed a χ2 fit of fq as a function of redshift, local en-
vironment, and stellar mass following the form:
fq(z,M∗, log(1 + δgal)) = αz
ζ
+ β log(M∗/M⊙)
θ
+
γ log(1 + δgal)
κ
(2)
which yielded best-fit parameters of α = −1.8544 ± 0.0002,
β = 8.3876±0.0001, γ = −11.8321±0.0002, ζ = 0.1421±0.0007,
θ = 0.2224 ± 0.0007, and κ = −0.0076 ± 0.0005, where the un-
certainties are taken from the covariance matrix of the fit.
This formula is not specific to ORELSE and is generally ap-
plicable to the galaxy populations in the range of redshifts
(0.55 ≤ z ≤ 1.4), stellar masses (10 ≤ log(M∗/M⊙) ≤ 11.6),
and overdensity values (0.1 ≤ log(1 + δgal) ≤ 2.0) studied
here. We stress that this formula should not be applied out-
side these ranges. Further, we remind the reader that this
formula will tend to slightly overestimate fq by perhaps as
much as ∼0.1 for galaxies in the lower stellar mass range in
our sample (i.e., log(M∗/M⊙) < 10.5) due to the way in which
our sample was created (see §2.5).
3.2 Environmental Quenching Efficiency
Previous studies of the relationship of fq with various
galaxy properties, including the environment in which
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Figure 6. Average quiescent fraction ( fq) vs. redshift for cluster
galaxies in three different stellar mass bins simulated using the
method described in Appendix A. Red diamonds, green squares,
and blue circles show the average fq values and their associated
NMAD uncertainties for 200 sets of simulated galaxies equiva-
lent to the high-, med-, low-M samples. In these simulations the
effects of environmentally-driven quenching are purposely not in-
cluded. These effects are omitted in order to create a reference
sample of group/cluster galaxies with which to compare to sim-
ilar galaxies observed in ORELSE groups and clusters. As both
galaxy populations are, by construction, imprinted with the inte-
grated effect of secular processes, and the latter sample contains
the integrated effect of environmental processes, this comparison
can provide an estimate of the latter (see Figure 7).
galaxies reside, have attempted to quantify the efficacy
of environmentally-related processes in quenching the
star formation of member galaxies by defining a param-
eter known as the “conversion factor” or “environmental
quenching efficiency”. This parameter, which we denote
Ψconvert for brevity, is defined as the number of galaxies,
usually at a fixed stellar mass, which have converted
from star-forming to quiescent as a result of entering
and interacting within a group or cluster environment.
Practically, Ψconvert is usually defined as the difference in
the fq fractions between the highest and lowest density bins
in a given sample divided by the fraction of star-forming
galaxies in in the lower density sample, i.e., Ψconvert ≡
( fq, high−log(1+δgal) − fq, low−log(1+δgal))/ fSF, low−log(1+δgal)
(van den Bosch et al. 2008; McGee et al. 2014). If the
highest density bin in a given sample primarily contains
group/cluster galaxies and the galaxies in the lowest density
bin can be used as a proxy for a progenitor sample for those
galaxies in the highest density bin, then Ψconvert yields
the fraction of star-forming galaxies which have converted
to quiescent during coalescence into the group/cluster.
These values can then be compared to accretion histories
of groups/clusters as measured from N-body simulations
(as in, e.g., McGee et al. 2009; Balogh et al. 2016) to
determine the timescale required to convert the galaxy from
star-forming to quiescent, tconvert , from the time it leaves
the field for the group/cluster environment until the time
its rest-frame colors place it in the quenched region of the
NUVrJ diagram.
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Table 3. Quiescent Fractions of the ORELSE Spectral Sample
Sample z˜ fq log(1 + δ˜gal) log(M˜∗/M⊙) Ngal
0.682 0.390±0.035 0.162 10.24 195
0.789 0.333±0.040 0.165 10.22 138
low-M∗/low-log(1 + δgal) 0.890 0.217±0.030 0.121 10.26 189
1.041 0.156±0.028 0.146 10.24 173
1.284 0.095±0.045 0.088 10.27 42
0.686 0.475±0.045 0.170 10.65 122
0.794 0.525±0.046 0.172 10.61 120
med-M∗/low-log(1 + δgal) 0.901 0.394±0.043 0.162 10.70 208
1.035 0.466±0.036 0.131 10.65 189
1.262 0.361±0.057 0.170 10.67 72
0.698 0.529±0.061 0.192 11.10 68
0.791 0.402±0.054 0.197 11.06 82
high-M∗/low-log(1 + δgal) 0.880 0.404±0.065 0.192 11.13 57
1.064 0.630±0.054 0.140 11.05 81
1.254 0.429±0.084 0.123 11.06 35
0.692 0.441±0.043 0.471 10.26 136
0.797 0.360±0.046 0.441 10.26 111
low-M∗/med-log(1 + δgal) 0.896 0.343±0.041 0.419 10.29 137
1.010 0.219±0.042 0.418 10.24 96
1.260 0.045±0.026 0.326 10.25 66
0.683 0.496±0.042 0.463 10.69 141
0.798 0.532±0.048 0.454 10.62 109
med-M∗/med-log(1 + δgal) 0.904 0.468±0.052 0.426 10.72 171
1.032 0.419±0.040 0.395 10.65 155
1.211 0.348±0.059 0.375 10.70 66
0.695 0.609±0.059 0.442 11.02 69
0.797 0.450±0.050 0.453 11.03 100
high-M∗/med-log(1 + δgal) 0.898 0.475±0.064 0.405 11.12 61
1.039 0.535±0.059 0.403 11.12 71
1.245 0.619±0.061 0.281 11.10 63
0.699 0.671±0.051 0.941 10.30 85
0.807 0.570±0.046 1.109 10.24 114
low-M∗/high-log(1 + δgal) 0.901 0.460±0.053 1.049 10.28 87
1.030 0.309±0.062 0.794 10.22 55
1.258 0.143±0.059 0.702 10.24 35
0.697 0.667±0.059 0.953 10.66 63
0.812 0.654±0.046 1.173 10.60 107
med-M∗/high-log(1 + δgal) 0.902 0.507±0.059 1.090 10.73 146
1.059 0.560±0.050 0.875 10.66 100
1.257 0.455±0.075 0.812 10.62 44
0.698 0.746±0.057 0.958 11.09 59
0.804 0.690±0.038 1.166 11.10 145
high-M∗/high-log(1 + δgal) 0.874 0.644±0.062 1.192 11.16 59
1.096 0.778±0.049 0.829 11.08 72
1.262 0.621±0.064 0.839 11.11 58
However, as discussed in Appendix A, such a concept
when applied directly to the data is problematic due to a va-
riety of issues such as the evolution of the quiescent fraction
in the field, differential stellar mass growth, and differential
sampling issues. To circumvent these issues we have created
simulated galaxy populations with which to compare the
fq measurements of the group/cluster galaxies observed in
the ORELSE data. These simulations, meant to simulate
the fq of group and cluster galaxies in the absence of en-
vironmental quenching processes, are described in detail in
Appendix A. The simulations are performed 200 times, gen-
erating 200 unique sets of simulated group/cluster galaxies
in the redshift and stellar mass ranges 0.65 ≤ z ≤ 4 and
log(M∗/M⊙) ≥ 9, respectively. The accretion rate of the
cluster in each simulation at each redshift is based on the
halo accretion history presented in McGee et al. (2009) for
a Mtot, z=0/M⊙ ≥ 14.5 cluster. This accreted mass is trans-
formed into a galaxy population through the halo-to-stellar
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Figure 7. Quenching efficiency, defined as fq, high−log(1+δgal), obs −
fq, ref ./ fs f , ref . , as measured in a variety of different surveys for
galaxy populations with different stellar mass ranges. The refer-
ence sample is, ideally, a sample of galaxies comparable to those
galaxies observed in high-density environments but which have
been largely untouched by physical effects specific to environ-
ment. Different schemes are used to define a reference sample.
For the ORELSE measurements, shown along with their uncer-
tainties by the red, green, and blue shaded regions, the reference
sample was generated using the simulations presented in §3.2
and Appendix A. For other surveys, shown as gray points (di-
amonds: Nantais et al. 2017, circles: Fossati et al. 2017, inverted
triangles: Balogh et al. 2016, triangle: Kovacˇ et al. 2014, stars:
Muzzin et al. 2012 and Balogh et al. 2016), the reference sample
is typically chosen as set of field galaxies coeval to and stellar-mass
matched to a set of high-density galaxies (see §3.2). The size of
the points scale with the stellar mass of the sample, with small,
medium, and large points roughly corresponding to the same stel-
lar mass ranges as the low-, med-, and high-M∗ ORELSE samples,
respectively.
mass relation presented in Moster et al. (2013) and galaxies
are probabilistically assigned a state of quiescence or star-
forming based on statistics of the galaxy stellar mass func-
tion of (SMF) Tomczak et al. (2014). For those galaxies as-
signed a star-forming state, an exponentially declining SFR
is ascribed to each galaxy with τ = 2.0 Gyr and a normaliza-
tion set by sampling from the relationship between SFR-M∗
for star-forming galaxies presented in Tomczak et al. (2016).
The average fraction of quiescent galaxies and the nor-
malized median absolute deviation (NMAD; Hoaglin et al.
1983) of the fq distributions in the same three stellar mass
bins applied to our final spectral sample (e.g., low-, med-,
and high-M∗, see §3.1) set the values for the low-log(1+δgal)
populations in the calculation of Ψconvert . As a reminder,
these fq values are measured on simulated cluster galaxy
populations in each stellar mass and redshift bin that have
been unaffected by environmental quenching for their entire
evolution beyond what is experienced in field samples. The
behavior of fq for simulated galaxies with stellar mass and
redshift are shown in Figure 6.
The simulated fq values are then used in conjunction
with the observed fq values measured for the different galaxy
populations in the high-log(1 + δgal) bin to estimate the en-
vironmental quenching efficiency in the ORELSE survey as
a function of redshift and stellar mass. In other words, the
simulated fq values are used in this calculation instead of our
observed low-log(1+ δgal) fq values as the former are almost
certainly more appropriate when calculating quenching effi-
ciencies (see Appendix A). The errors on the quenching effi-
ciency are calculated from a combination of the errors on the
fq values measured for high-log(1+ δgal) galaxies and the er-
ror on the median fq of all simulations. These environmental
quenching efficiencies, plotted in Figure 7, exhibit a behav-
ior that largely mirrors that observed in the fq values shown
in Figure 5. Two specific parallels can be made. First, the
quenching efficiency decreases precipitously with increasing
redshift for low-M∗ galaxies and becomes formally consis-
tent with group/cluster environments having no transfor-
mative power at the highest redshifts observed in ORELSE
(z ∼ 1.4). Conversely, for galaxies above log(M∗/M⊙) ≥ 10.4,
Ψconvert appears to decrease gradually or remain constant
with increasing redshift. In other words, it appears that over
the redshift range 0.55 ≤ z ≤ 1.4, galaxy clusters and groups
remain capable of efficiently quenching star formation ac-
tivity in accreted field galaxies for log(M∗/M⊙) ≥ 10.4, but
that groups and clusters at the higher end of the redshifts
studied here (z >∼ 1.1) are incapable of exerting themselves in
the same way on galaxies with lower stellar masses.
The values of Ψconvert derived from galaxy popula-
tions in other surveys at a variety of different stellar masses
and redshifts are overplotted on Figure 7. The size of the
points are set to small, medium, and large for galaxy sam-
ples with comparable stellar masses to those in the low-,
med-, and high-M∗ bins in the ORELSE data. Though val-
ues associated with other surveys are generally subject to
relatively large uncertainties, the measurements of Ψconvert
made of the ORELSE samples appear generally consistent
with other measurements at common redshifts and stellar
masses. Marginally significant tension appears at z ∼ 1 for
med-M∗ galaxies with respect to the study of Fossati et al.
(2017) based on the 3D-HST survey (Brammer et al. 2012)
and the study of Nantais et al. (2017) based on galaxies
selected from the Spitzer Adaption of the Red Sequence
Cluster Survey (SpARCS; Muzzin et al. 2009; Wilson et al.
2009). Additional moderate tension appears for measure-
ments of low-M∗ galaxies with respect to that measured
from the Gemini Cluster Astrophysics Spectroscopic Survey
(GCLASS; Muzzin et al. 2012) as reported in Balogh et al.
(2016). Though not plotted, the Ψconvert values derived here
are consistently lower at essentially all M∗ and redshifts
than those measured for groups and cluster populations from
initial data taken as part of the Hyper Suprime-Cam Sub-
aru Strategic Program (Jian et al. 2018). However, the large
number of variants on the method of calculation of this quan-
tity and our imperfect knowledge of any differences that ex-
ist the galaxy samples presented in these works and those
selected here do not allow us to claim anything other than
the ORELSE measurements of environmental quenching ef-
ficiency appear broadly consistent with those from other sur-
veys.
Though not plotted, the high value of the environmen-
tal quenching efficiency observed for low-M∗ galaxies in our
lowest redshift bin is broadly consistent with the strong
signatures of environmentally-driven quenching seen in the
VIPERS Multi-Lambda Survey (Moutard et al. 2016a) for
similar galaxies at similar redshifts (Moutard et al. 2018). In
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that study, the authors constrain the quenching timescales
for such galaxies and settle on “delayed-then-rapid” pic-
ture of quenching similar to that presented in §3.3 in our
study. Further, it appears that such a quenching channel,
while perhaps not the dominant channel for the full pop-
ulation of higher stellar mass galaxies at lower redshifts
(Moutard et al. 2018), appears dominant for galaxies of
these stellar masses which inhabit clusters and groups at all
redshifts studied here (see §3.3 for more discussion). How-
ever, that study lacked the redshift baseline to observe the
precipitous drop of environmental quenching efficiency for
galaxies log(M∗/M⊙) < 10.4. These lines of evidence gener-
ally point to a picture in which the conditions in groups and
clusters, while still sufficient to be able to efficiently quench
the highest stellar mass galaxies over the redshift range
studied here, are changing subtly with redshift. That the
environmental quenching efficiency for lower-M∗ declines
rapidly over this window perhaps suggests a similar decline
for higher-M∗ at even higher redshifts than are studied here.
Such a picture is consistent with several works studying clus-
ters at z >∼ 1.4, in which the average star formation is seen in
many cases to be unperturbed or even enhanced relative to
field environments (e.g., Brodwin et al. 2013; Alberts et al.
2014, 2016; Santos et al. 2014; Wang et al. 2016; Stach et al.
2017; Coogan et al. 2018).
That efficient environmental quenching is observed
to persist up to z <∼ 1.4 for galaxies of stellar masses
log(M∗/M⊙) ≥ 10.4 is consistent with results presented in
a companion ORELSE study (Tomczak et al. 2019). In this
study, the specific star formation rate-overdensity for star-
forming galaxies and fq-overdensity relations from a com-
bined spectroscopic and photometric sample drawn from
ORELSE are constructed and used to infer the relative
number of galaxies undergoing active quenching in differ-
ent environments in different stellar mass bins across the
redshift range 0.8 <∼ z
<
∼ 1.05. For galaxies in a similar stel-
lar mass range, the majority of galaxies (∼70-90%) inhabit-
ing the highest density environments observed in ORELSE
(log(1 + δgal) > 1) are estimated to be undergoing quench-
ing characterized by an SFR that is exponentially declin-
ing with τ = 0.5 Gyr. In the next section, we will combine
these results with N-body simulations and the Ψconvert val-
ued derived here to create estimates of various timescales
required to convert a galaxy from star-forming to quies-
cent after the accretion into a group/cluster environment.
Interestingly, the clear persistence of the color-density rela-
tion for higher-stellar mass galaxies across the entire red-
shift range studied here may help to explain the rela-
tively high quiescent fractions found in distant cluster sur-
veys which are predominantly sensitive to galaxies above
log(M∗/M⊙) >∼ 10.4 (e.g., Newman et al. 2014; Cooke et al.
2016; Lee-Brown et al. 2017; Strazzullo et al. 2019). This
persistence is also broadly consistent with the results of
van der Burg et al. (2013) who studied the quiescent frac-
tion as a function of stellar mass for galaxies inhabiting
10 massive z ∼ 1 clusters drawn from the GCLASS sur-
vey. In that study, the authors found that quiescent cluster
galaxies significantly outnumbered their star-forming coun-
terparts for all but the lowest stellar masses probed in their
data (log(M∗/M⊙)<∼ 10.2).
Another interesting consequence of the results presented
here is that ram pressure stripping and harassment are
precluded as the sole mechanisms for driving environmen-
tal quenching over the redshift range 0.55 ≤ z ≤ 1.4.
Because these mechanisms rely on stripping matter, typ-
ically atomic or molecular gas, in situ to group/cluster
galaxies, everything else being equal, e.g., galaxy matter
density profile, differential velocity, the density of the in-
tragroup or intracluster medium (IGM/ICM) in the case
of ram pressure stripping, galaxies with a shallower po-
tential well are more susceptible to such processes (e.g.,
Gunn & Gott 1972; Fillingham et al. 2016). That Ψconvert
is observed to decrease with redshift for the lowest stel-
lar mass galaxies (i.e., log(M∗/M⊙) ∼ 10.2) without a cor-
responding decrease for their higher stellar mass counter-
parts is a behavior that cannot be reconciled with ram pres-
sure stripping or harassment acting as the primary quench-
ing mechanism unless lower stellar mass galaxies are ac-
creted with a higher (total) amount of gas or are gener-
ally more concentrated than galaxies with higher stellar
masses. Neither of these differences are observed in stud-
ies of field galaxies in the redshift range studied here (e.g.,
Popping et al. 2012; van der Wel et al. 2014; Scoville et al.
2017). Alternatively, if the conditions in groups and clus-
ters change by z ∼ 1.4 to reduce the efficacy of ram pres-
sure stripping or harassment, i.e., the differential veloc-
ity of galaxies relative to one another or the density of
the IGM/ICM decreases, this change would possibly pro-
vide some possibility of explaining the observed behavior.
However, such a change in conditions is extremely unlikely
for the sample of ORELSE clusters as they are observed
to contain a well-developed ICM and a galaxy popula-
tion with a high σv to the highest redshifts studied here
(Blanton et al. 2003; Maughan et al. 2006; Mehrtens et al.
2012; Clerc et al. 2014; Rumbaugh et al. 2013, 2018). In
addition, the average virial mass of the detected clusters
and groups in the ORELSE sample does not change appre-
ciably with redshift but rather holds steady in the range
log(〈Mvir 〉) = 14.2 − 14.5 (though see discussion at the end
of §3.3).
3.3 Conversion Timescales
In this section we use the values of Ψconvert measured from
our final sample in the previous section in conjunction with
results from the N-body simulations to estimate the average
amount of time needed for galaxies of various stellar masses
to continuously reside in a group or cluster environment in
order to be quenched by environment-specific processes and
for their rest-frame colors to become consistent with quies-
cence. This timescale will be referred to as tconvert . In order
to estimate a timescale associated with the conversion of
accreted group and cluster galaxies, it is necessary first to
create a model of the accretion history of galaxies for a given
set of groups/clusters. In order to do this, we rely on the re-
sults presented McGee et al. (2009) and Balogh et al. (2016)
in which the average accretion history of groups and clusters
of various masses is estimated from results of the Millennium
Simulation (Springel et al. 2005) using the methodology of
estimating halo merger trees described in Helly et al. (2003)
and Harker et al. (2006). For the purposes of this calcula-
tion, we adopt the average z = 0 accretion history for a
log(Mtot, z=0/M⊙) > 14.5 cluster and scale it to each red-
shift of interest by the redshift dependence of the dynamical
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timescale (1+z)−3/2. As shown in Balogh et al. (2016), such
a scaling provides a close approximation of the true clus-
ter accretion history. We choose the accretion history of a
massive z = 0 cluster as the majority of ORELSE structures
are predicted to evolve into such structures by z = 0 (see
Appendix A). Our results remain largely unchanged if we
instead adopt an alternate accretion history.
In order to link the measurement of Ψconvert to the sim-
ulated cluster accretion history it is necessary to make sev-
eral assumptions. The first assumption is that star-forming
galaxies that have been in the cluster environment the
longest will be the first to convert to a quiescent state. This
assumption, by construction, means that any timescale de-
rived from this exercise will necessarily be an upper limit.
For example, suppose we estimated that, at a given redshift
for a given galaxy sample, 50% of the star-forming galaxies
in the model must convert to quiescent in order to match the
observed fq for that redshift/galaxy sample. In this case, we
make the assumption that the star-forming galaxies which
accreted into the structure first are those that have expe-
rienced environmental quenching, and the remaining 50%
have not been in the structure for a long enough time to
experience similar quenching. This assumption makes it, in
principle, easy to directly derive a conversion timescale from
the measurements of Ψconvert and the simulated accretion
history, as we are able to determine from the latter, the
percentage of galaxies accreted by a given time, e.g., by
〈z〉 = 0.65, approximately 50% of star-forming galaxies have
been in the cluster environment for longer than >∼ 3 Gyr (see
the lookback time corresponding to the point at which the
fraction of halo mass accreted is equal to 0.5 in the top left
panel of Figure 8). Notice that we make the additional as-
sumption here that the mass accreted in all time steps of
the Millennium simulation scales by a constant multiplica-
tive factor with respect to the mass accreted in the form of
star-forming galaxies. It is likely that this assumption that
broadly holds as the fq values of accreted galaxies, i.e., those
in the field of the stellar mass ranges considered here, are
relatively flat for the majority of the accretion history of the
cluster (see Figure 6 and Tomczak et al. 2014). Further, we
assume on average the amount of stellar mass loss or growth
of each star-forming galaxy from the time of accretion until
it becomes quiescent is insufficient to move into a different
stellar mass bin. The wideness of the stellar mass bins used
here help immensely with the validity of this assumption.
Finally, as in the simulations presented in Appendix A the
effects of merging processes in modulating the number or
stellar mass distribution of galaxies since being accreted are
again ignored here.
Because the scaled McGee et al. (2009) group/cluster
accretion curves indicate the amount of total mass accreted
as a function of time, they provide a direct mapping, subject
to the assumptions above, between Ψconvert and the earli-
est time at which the converted galaxies (i.e., the quenched
star-forming galaxies) could have been accreted. Combining
this mapping with our assumption that star-forming galax-
ies with the earliest accretion times are the first to quench at
a given epoch provides a way to estimate tconvert for galaxy
populations of different stellar masses at each of the redshifts
studied here. The uncertainties in Ψconvert can similarly be
mapped to uncertainties in tconvert . In Figure 8 we plot
the scaled simulated accretion histories against the back-
drop of the ±1σ range of allowed values of Ψconvert for each
galaxy population in the five different redshift ranges stud-
ied here. From the intersection of these values we estimate
the values of tconvert for the 15 different galaxy populations
shown in the various panels in Figure 8 and list them in
Table 4. For higher stellar mass galaxies, i.e., those in the
med- and high-M∗ bins, tconvert is seen to largely hold or
slightly decrease over the entire redshift range studied here,
0.55 ≤ z ≤ 1.4, varying from 1.6-3.0 Gyr across the various
samples with an average of 2.4±0.3 Gyr. Conversely, the con-
version timescale for low-M∗ galaxies is observed to mono-
tonically increase with increasing redshift, spanning from
2.7-3.8 Gyr over the same redshift range, with an average
of 3.3±0.3 Gyr, again suggesting that cluster environments
struggle to process lower stellar mass galaxies at z >∼ 1.1.
These results are in broad agreement with the few
studies that have attempted to constrain similar or iden-
tical timescales within the redshift range probed by the
ORELSE sample. Foltz et al. (2018) studied the photomet-
ric and spectroscopic galaxy population of 14 clusters at
0.85 ≤ z ≤ 1.65 drawn from the GCLASS and SpARCS clus-
ter surveys. Using an approach which combines the color
distribution of background-subtracted member populations
and accretion rates estimated from N-body simulations they
constrained tconvert (called tQ in their nomenclature) of
member galaxies with log(M∗/M⊙) > 10.5. For member
galaxies with mean redshifts of 〈z〉 = 1.04 and 1.55 the
conversion timescales were estimated at tconvert = 1.50
+0.19
−0.18
and 1.24+0.23
−0.20
. These timescales are consistent with the val-
ues derived for our high-M∗ sample at comparable red-
shifts, though somewhat in tension with those values de-
rived from our med-M∗ sample. However, the stellar mass
distribution of their final sample appears to be a com-
promise between that of the ORELSE med- and high-M∗
galaxies. In addition, their sample is comprised exclusively
of cluster galaxies while the high-log(1 + δgal) ORELSE
sample contains galaxies residing in filaments, groups, and
clusters. These differences likely ease this tension consider-
ably. Balogh et al. (2016) studied the spectroscopic mem-
ber populations in 0.8 <∼ z
<
∼ 1.2 groups and clusters from the
Galaxy Environment Evolution Collaboration 2 (GEEC2;
Balogh et al. 2011, 2014) and GCLASS surveys. Combin-
ing measurements made from coeval field and group/cluster
populations along with results from the same simulations
that are employed here, they found conversion timescales
(called tp in their nomenclature) of tconvert = 2.4 ± 0.6
and 1.7 ± 0.6 for group and cluster galaxies, respectively,
in the stellar mass bin 10.3 < log(M∗/M⊙) < 10.75. These
values are consistent with the tconvert values measured in
ORELSE at equivalent redshifts and stellar masses. Interest-
ingly, in both the group and cluster sample, though the for-
mer employing zphot -selected member galaxies, they found
evidence of tconvert abruptly increasing with decreasing stel-
lar mass, with estimated values consistent with those de-
rived from the low-M∗ sample. Estimates of tconvert derived
from groups in 3D-HST for galaxies of stellar masses com-
parable to the med-M∗ are also found to be comparable
to the estimates from our sample over the same redshift
range (〈tconvert 〉 ∼2.5±0.5 Gyr, Fossati et al. 2017). While
considerable uncertainties exist in the conversion timescales
of a particular galaxy population, these estimates of tconvert
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Figure 8. Average halo mass accretion histories of two different types of structures differentiated by their z = 0 mass scaled as
estimated from merger trees applied to the Millennium N -body simulation taken from McGee et al. (2009). The five panels correspond
to measurements on simulated and real galaxies falling in the five different redshift ranges applied to the final ORELSE spectral sample,
with the average redshift of each sample shown in the top right of each panel. Accretion histories are estimated at z = 0 and scaled
to the five average redshift values by the dynamical time (1+z)−3/2. The shaded color regions in each panel denote the ±1σ range of
environmental quenching efficiencies, Ψconver t, of the three different stellar mass samples in each redshift bin. The average stellar mass
of each sample in each redshift bin is given in the top right of each panel. The intersection between the thick solid line and each shaded
region sets the conversion timescale, tconver t, of each sample at each redshift. Notice that while tconver t remains relatively constant
for the med- and high-M∗ samples across all redshifts studied here, tconver t is seen to consistently increase with increasing redshift for
low-M∗ galaxies, and becomes consistent with being longer than the time since formation of the cluster by 〈z 〉 = 1.27.
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Table 4. Conversion Timescales, tconver t, of the ORELSE Spectral Sample
Sample 0.55 ≤ z < 0.75 0.75 ≤ z < 0.84 0.84 ≤ z < 0.96 0.96 ≤ z < 1.15 1.15 ≤ z < 1.40
[Gyr] [Gyr] [Gyr] [Gyr] [Gyr]
low-M∗ 2.66
+0.33
−0.41
2.94+0.28
−0.29
3.25+0.15
−0.27
3.72+0.22
−0.21
3.76a
−0.36
med-M∗ 2.79
+0.26
−0.49
2.58+0.11
−0.24
2.98+0.30
−0.23
2.60+0.11
−0.22
2.46+0.19
−0.29
high-M∗ 2.37
+0.48
−0.34
2.60+0.10
−0.19
2.41+0.39
−0.18
1.64+0.14
−0.23
1.76+0.31
−0.08
a: Formally consistent with no environmental quenching
along with our own point to a picture in which galaxies spend
a considerable time in the group or cluster environment prior
to completely ceasing star-formation activity and fading to
quiescence.
Such a picture is, however, seemingly difficult to recon-
cile with the large fractional population of galaxies known
as “post-starburst” or “K+A” galaxies seen in high redshift
groups and clusters (e.g., Dressler et al. 1999; Tran et al.
2003; Muzzin et al. 2014; Wu et al. 2014; Lemaux et al.
2017; Socolovsky et al. 2018). Such galaxies contain spec-
tral features of colors that necessarily indicate a rapid ces-
sation in their star-formation activity and appear in num-
bers considerable relative to those of star-forming galax-
ies (Poggianti et al. 2009; Lemaux et al. 2017), strongly
implying that rapid quenching is a common pathway to
quiescence for such galaxies. Additionally, as mentioned
in the previous section, we have observed in ORELSE a
strong indication of a fractionally large transition popula-
tion amongst group/cluster galaxies with stellar masses in
excess of log(M∗/M⊙) > 10.1 at 0.85 ≤ z ≤ 1.05. This tran-
sition population is characterized by an exponentially de-
clining SFH with τ = 0.5. Assuming this form of the SFH, a
star-forming galaxy at this redshift would have colors consis-
tent with quiescence between 0.8-1.4 Gyr after the inception
of the initial quenching event, values considerably shorter
than any of the conversion timescales estimated here. Such a
timescale is nearly identical to the luminosity-weighted stel-
lar age of the oldest K+A galaxies observed in the ORELSE
survey (tK+A = 1.00
+0.33
−0.21
Gyr; Lemaux et al. 2017). The only
possibility to reconcile the relatively rapid timescale involved
in moving a galaxy to quiescence once quenching has be-
gun and the relatively large timescale of tconvert is to intro-
duce a third timescale during which a galaxy accreted to a
group or cluster environment remains relatively unaffected
by quenching processes. We will refer to this time as tdelay
and the time from the inception of the quenching event to
the time that a galaxy exhibits colors classifying it as quies-
cent as tquench such that tquench + tdelay ≡ tconvert .
Adopting tquench as 1.1±0.3 Gyr from Tomczak et al.
(2019) and solving for tdelay yields an average
tdelay=1.3±0.4 Gyr and 2.2±0.4 Gyr for the combined
med- and high-M∗ and low-M∗ ORELSE samples, respec-
tively, across all redshifts studied. These delay times are
broadly consistent with similar timescales measured from
other surveys in a few comparable redshift and stellar
mass ranges (e.g., Mok et al. 2014; Muzzin et al. 2014;
Balogh et al. 2016). These values are also well in excess
of the average time required for galaxies to move to their
first pericentric passage after being accreted by their parent
group or cluster at the median redshift of the ORELSE
sample (Wetzel 2011; Wetzel et al. 2013). Such a long delay
time is supported by recent evidence taken from SDSS and
redMaPPer clusters at low- to intermediate-redshift that
show appreciable populations of galaxies far from center of
clusters thought to have survived their first passage through
the cluster to make it to their first apogee (i.e., “splashback”
galaxies, More et al. 2016; Baxter et al. 2017; Chang et al.
2018). The fact that the bulk of group/cluster galaxies
remain largely unperturbed in their star-formation activity
at least through their initial pericentric passage and that
an additional ∼0.5-1.5 Gyr is allowed to elapse prior to the
inception of quenching appears to place most galaxies in the
more rarefied regions of their parent groups/clusters when
quenching is initiated. This inference strongly disfavors
ram pressure stripping and galaxy harassment as the sole
mechanisms responsible for quenching. While orbits can
take many forms other than purely radial and pericentric
passage can occur far from the group/cluster core, at least
some fraction of newly accreted galaxies must pass through
R500. The lack of a significant quenching signature in this
population makes the possibility that these processes are
the sole inducer of quenching activity remote.
Conversely, dynamical processes such as galaxy-galaxy
merging events or other strong interactions are strongly
favored by such a scenario, as the tdelay timescales esti-
mated here appears to be directly scaled from compara-
ble timescales measured at z = 0 by the dynamical time
(Wetzel et al. 2013). That merging events might be primar-
ily responsible for catalyzing quenching qualitatively con-
forms with the difference in the average tdelay observed for
lower and med- to high-M∗ galaxies in ORELSE. While the
major merging rate at these redshifts is not strongly depen-
dent on stellar mass in the ranges of stellar masses studied
here at least in the field (e.g., Lo´pez-Sanjuan et al. 2013),
field galaxies accreted into the group/cluster environment
at higher stellar masses are on average more highly clus-
tered than those at lower stellar mass (e.g., Marulli et al.
2013; Coil et al. 2017; Durkalec et al. 2018). The fact that
the bulk of the galaxies accreted as star forming survive in
that state past their initial pericentric passage provides an
intriguing possibility that tidal forces related to the overar-
ching halo or interactions with in situ galaxies provide the
necessary frustration to induce merging between infalling
pairs or small groups of galaxies. A merging scenario to in-
duce the beginnings of quenching activity is also broadly
supported in the analysis of Lemaux et al. (2017) in a study
of the K+A populations of two ORELSE LSSs. In that
study, it was proposed that merging events in the outskirts of
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groups and clusters induce strong stellar and/or AGN feed-
back that begin the quenching process and this quenching is
then finalized by the effects of ram pressure stripping as the
remnant galaxy makes it way back to pericentric passage.
In this scenario, ram pressure stripping is invoked only to
prevent the galaxy from rejuvenating its star-formation ac-
tivity rather than as a primary transformative mechanism.
The timescales estimated above appear to largely support
such a scenario as the additional quenching time, tquench , is
long enough to allow galaxies the possibility of making their
second passage through their parent group or cluster.
This scenario partially mirrors that put forth in
Brodwin et al. (2013), in which quenching of galaxies inhab-
iting higher redshift clusters (z >∼ 1) was suggested to pro-
ceed through a combination of major merging and AGN
activity. Such a scenario is supported by the increase in
both types of activity with increasing redshift (see, e.g.,
Mancone et al. 2010; Tomczak et al. 2017; Pelliccia et al.
2018 and Galametz et al. 2009; Martini et al. 2009, 2013,
though see also Rumbaugh et al. 2017). The idea that AGN
in such environments are triggered by major mergers of in-
falling field galaxies is supported by the analysis of X-ray-
selected AGN hosts of > 100 massive clusters in the redshift
range 0.2 < z < 0.9 presented in Ehlert et al. (2015) as well
as several ORELSE-specific studies (e.g., Kocevski et al.
2009; Rumbaugh et al. 2012, 2017; Shen et al. 2017). In a
future paper, in which we combine mid-, far-infrared, and
radio data along with complex modeling, we will show that
ORELSE group and cluster galaxies undergoing strong AGN
activity are both actively quenching the star formation of
their host galaxies and appear to be predominantly infalling
galaxies on non-radial orbits (Shen et al. submitted).
The above“merging-then-stripping”scenario appears to
be broadly able to explain the relatively high quenching ef-
ficiencies observed at all redshifts for the med- and high-M∗
samples. However, it is not clear such a scenario is appro-
priate for low-M∗ galaxies. At z ∼ 0.7, Ψconvert for low-M∗
galaxies is indistinguishable from that of their higher-M∗
counterparts. But, unlike higher-M∗ populations, environ-
mental quenching appears to become less effective with in-
creasing redshift for low-M∗ galaxies and is completely in-
effectual at the highest redshifts studied here. Given this
dramatically different behavior, it naively appears that the
merging-then-stripping scenario proposed above cannot ex-
plain the behavior of both sets of galaxies.
However, it is possible that various considerations re-
lated to the scenario above that allow for efficient quench-
ing of higher-M∗ galaxies at all redshifts operate on low-M∗
populations in a different way. Further, it is possible that
these differences act in such a way to explain the decreased
quenching efficiency of these galaxies in high-z clusters and
groups. The main considerations within the scenario are a)
the likelihood of undergoing a wet or mixed merging event,
b) subsequent to a merging event, the likelihood of suffi-
cient stellar and/or AGN feedback to push gas that survives
to large galactocentric distance, and c) the likelihood that
a parent cluster or group has a sufficiently hot and dense
medium to strip the excised gas from the merger remnant.
If any of these three considerations are not the same for
low-M∗ as for higher-M∗ galaxies, it is possible that the
merging-then-stripping scenario can still be reconciled with
the behavior observed for galaxies of all stellar masses con-
sidered in this study.
Taking each in turn, the merging rate of field galax-
ies is observed to either stay constant or increase with
increasing redshift over the redshift range studied here
(Bundy et al. 2009; Lo´pez-Sanjuan et al. 2013) and does not
depend strongly on stellar mass implying a) is equally or
more likely to happen at high redshift. Thus, it is un-
likely that a) is appreciably different for low-M∗ galaxies
at higher z than for other samples. However, the gas frac-
tion of the galaxies comprising those mergers over that same
redshift range increases by a factor of ∼3 for all stellar
masses considered here (Scoville et al. 2017; Darvish et al.
2018) and becomes the dominant component of the bary-
onic content at least for low-M∗ galaxies. As such, the feed-
back required under b) is necessarily stronger than that
at lower redshift. While stellar feedback is capable of pro-
viding some of the required effect, its effect alone is typ-
ically insufficient to excise the bulk of the gas to large
galactocentric distances for all of the galaxies studied here
(i.e., log(M∗/M⊙)>∼ 10; Bahe´ & McCarthy 2015, though see
also Diamond-Stanic et al. 2012). Activity from an AGN
can substantially increase these large-scale outflows (e.g.,
Hopkins et al. 2016). While a large fraction of galaxies in
the stellar mass range of the low-M∗ galaxies studied here
are known to host AGN, these AGN are typically of the less
powerful variety (Juneau et al. 2013). As a consequence, it is
possible that such AGN activity, in tandem with stellar feed-
back, is sufficient to provide the required feedback in such
galaxies at the lower redshift end of our sample, but fails for
the larger gas reservoirs present at higher redshifts. Inciden-
tally, higher stellar mass galaxies would likely not suffer from
the same considerations, as AGN activity, when present,
is more likely to be powerful (e.g., Kauffmann et al. 2003;
Pimbblet et al. 2013; Bongiorno et al. 2016; Lanzuisi et al.
2017).
Finally, we consider concerns related to c). As we have
mentioned previously, the median mass of the detected
ORELSE structures does not change appreciably with red-
shift, nor do the properties of ICM of those ORELSE clus-
ters detected at X-ray wavelengths (Rumbaugh et al. 2018),
implying that c) is equally likely at low and high redshift
within the sample studied here. However, ORELSE groups
are also observed to contain a larger fraction of lower stel-
lar mass star-forming galaxies relative to cluster environ-
ments (see, e.g., Tomczak et al. 2017, where local overden-
sity is used as a proxy for group and cluster environments).
It is, thus, possible that low-M∗ galaxies are generally ex-
periencing less compelling ram pressure stripping than their
higher-M∗ counterparts. This logic, though, applies to low-
M∗ galaxies across all epochs studied here unless groups at
lower redshifts, simply by virtue of having a longer available
time to form, have been able to produce a denser medium
(see, e.g., Jeltema et al. 2009 for a discussion on this effect
over a larger temporal baseline).
It, thus, appears that the conditions governing b) and
c) are sufficiently uncertain to leave open the possibility that
the merging-then-stripping scenario advocated for quench-
ing group/cluster med- and high-M∗ galaxies could also
generally apply to low-M∗ galaxies in those same envi-
ronments without inducing similar levels of quenching at
the highest redshifts probed in this study. The implemen-
MNRAS 000, 1–27 (2019)
22 B. C. Lemaux et al.
tation of a variety of AGN selection techniques and ob-
taining deeper X-ray observations, both to uncover weaker
AGN activity and to detect the diffuse medium of lower-
mass structures, as well as obtaining imaging from the
Atacama Large Millimeter/submillimeter Array (ALMA;
Wootten & Thompson 2009) to measure the gas content of
galaxy samples over a variety of stellar masses, environ-
ments, and redshifts would be extremely helpful to validate
or disprove this scenario. Additionally, while our current de-
tection techniques do not allow us to identify groups in a
systematic and well-characterized manner up to the highest
redshifts studied here, future work (Hung et al. 2019) using
more sophisticated group and cluster detection algorithms
applied to our VMC maps will allow the systematic detec-
tion of structures for log(Mtot/M⊙) > 13.5 over the redshift
range 0.55 ≤ z ≤ 1.4. Once these environments are identified,
we will be able to additionally bin our stellar mass, environ-
mental, and redshift sub-samples by total structure mass to
further test this scenario.
4 SUMMARY AND CONCLUSIONS
In this study we presented the fraction of different types
of galaxies which have ceased to form stars as estimated
from observations taken as part of the Observations of Red-
shift Evolution in Large Scale Environments (ORELSE)
survey. These populations were drawn from a sample of
∼5000 spectroscopically-confirmed galaxies which span a
large range in stellar mass, environments, and redshifts and
were shown to be broadly representative of the overall galaxy
populations at these epochs. Using these fractions, in con-
junction with a variety of models, we were able to place con-
straints on the average efficacy of environmental quenching
over a large baseline in cosmic time for a large variety of
galaxy populations, as well as timescales and processes as-
sociated with this quenching. Our main conclusions are as
follows:
• The quiescent fraction, fq, was generally observed to
increase with increasing galaxy density, increasing stellar
mass, and decreasing redshift for the range of environ-
mental densities (0.1 ≤ log(1 + δgal ≤ 2.0), stellar masses
(10 ≤ log(M∗/M⊙) ≤ 11.6), and redshifts (0.55 ≤ z ≤ 1.4)
studied here.
• Except for the very lowest stellar mass bin at the high-
est redshifts probed, the color-density relation was observed
to persist to z ∼ 1.4. For intermediate and higher stellar
mass galaxies (log(M∗/M⊙) > 10.4), essentially no significant
decrease in fq was observed from z = 0.55 to z = 1.4 at fixed
stellar mass or environment. For lower stellar mass galaxies,
the color-density relation appeared to evolve rapidly with
redshift over the redshift range studied here, essentially dis-
appearing at the highest redshifts.
• A general formula to calculate the quiescent fraction
of galaxy populations was estimated and took the form:
fq(z,M∗, log(1+δgal)) = αz
ζ
+β log(M∗/M⊙)
θ
+γ log(1+δgal)
κ ,
with α = −1.8544±0.0002, β = 8.3876±0.0001, γ = −11.8321±
0.0002, ζ = 0.1421 ± 0.0007, θ = 0.2224 ± 0.0007, and κ =
−0.0076±0.0005. This formula was designed to be applicable
to general galaxy populations within the range of environ-
ments, stellar masses, and redshifts. However, it is possible
that this formula slightly overestimates the quiescent frac-
tion of lower stellar mass galaxies (10 ≤ log(M∗/M⊙) ≤ 10.4)
by up to ∼0.1.
• A semi-empirical model was used to generate a variety
of mock galaxies that inhabit dense environments but which
were shielded from the effects of environmental quenching.
These predicted fq values, in conjunction with the observed
fq values in dense environments, were used to estimate en-
vironmental quenching efficiencies (Ψconvert ) for all galaxy
types. For intermediate and higher stellar mass galaxies,
the efficiency of cluster/group environments to inhibit star-
formation activity in such galaxies remains roughly constant
for all redshifts studied here. For lower stellar mass galaxies,
a precipitous drop in Ψconvert was observed from lower to
higher redshift.
• These Ψconvert values along with group/cluster accre-
tion histories as estimated from the Millennium simulation
allowed constraints to be placed on the average time elapsed
between the accretion of a galaxy and quiescence (tconvert ).
For intermediate and higher stellar mass galaxies, this value
was 〈tconvert 〉 = 2.4±0.3, while for lower stellar mass galaxies
this time was estimated to be significantly longer on average
(〈tconvert 〉 = 3.3 ± 0.3).
• Using results from a companion ORELSE study, which
investigated the relationship between density and specific
star-formation rate for a nearly identical set of galax-
ies (Tomczak et al. 2019), and the tconvert timescales es-
timated here, we found strong support for a scenario in
which a galaxy spends a considerable amount of time in a
group/cluster environment unquenched followed by a rapid
truncation of its star-formation, a phenomena known as
“delayed-then-rapid” quenching. These results were used to
place constraints on the average delay time between accre-
tion and the inception of the quenching process, finding
tdelay = 1.3 ± 0.4 and tdelay = 2.2 ± 0.4 Gyr for the com-
bined intermediate- to high-stellar mass and lower-stellar
mass samples, respectively.
• The behavior of fq with redshift as well as the long delay
times estimated for all galaxy populations were both used to
argue against ram pressure stripping and galaxy harassment
as primary quenching mechanisms. Galaxies appear to make
their passage through the group/cluster essentially unper-
turbed and the inception of the quenching event appears to
occur in the more rarefied regions of the group/cluster envi-
ronment. These results are, rather, consistent with a scenario
of galaxies merging in the outskirts of clusters and groups
prior to their second pericentric passage at least for galaxies
log(M∗/M⊙) > 10.45. It is possible that ram pressure strip-
ping and/or cluster tidal effects aid the quenching process
as the merger remnant returns to pericenter, stripping any
remaining gas ejected to large galacto-centric distances. It
appears, however, that these mechanisms cannot solely be
responsible for the observed behavior.
While the redshift baseline of this study is large and
extends to a lookback time of ∼9 Gyr, it appears that the
processes that serve to quench galaxies in higher density
environments are still broadly efficient for the bulk of the
massive galaxy population. However, the mere existence of
a large population of relatively massive quiescent galaxies in
the ORELSE cluster/groups across all redshifts studied here,
their relative scarcity at higher redshift, and the presence
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of extremely massive star-forming galaxies in high-density
environments at higher redshift (e.g., Lemaux et al. 2014a,
2018; Darvish et al. 2016; Wang et al. 2016; Miettinen et al.
2017; Smolcˇic´ et al. 2017), strongly argues that the efficiency
of environmental quenching must subside quickly, and per-
haps even reverse its effects, in forming groups and clusters
at earlier epochs (z >∼ 1.4). Studies of such forming structures
will allow for investigations on the progenitor galaxies of
those massive galaxies observed to be pervasively quenched
at z < 1.4. Making statistical connections between these
forming structures and more established structures at lower
redshift, as well as their constituent galaxy populations, will
allow for a comprehensive view of the average life of galaxies
in dense environments from inception until quiescence.
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APPENDIX A: CREATION OF MOCK
GROUP/CLUSTER GALAXIES WITHOUT
ENVIRONMENTAL QUENCHING
When calculating environmental quenching efficiencies it
is necessary to define a sample of galaxies that has had
the chance to experience environmental quenching, if such
quenching exists, and a sample of galaxies that has evolved
on a nearly identical track, but have been completely shel-
tered from processes related to environmental quenching.
Defining the former set of galaxies becomes a trivial task
with the data available to the ORELSE survey as large
number of galaxies have been spectroscopically confirmed
in group and cluster environments. The sample that was
adopted for this part of the calculation was referred to as the
high-log(1+δgal) sample in the main body of the paper. The
definition of the latter population is more tricky. In many
studies, the population that has evolved on a similar track as
group/cluster galaxies, though without the possibility of ex-
periencing pervasive environmental quenching, is selected as
coeval field populations. While this set of galaxies can serve
as an approximation of what group/cluster galaxies would
have evolved into in the absence of environmental quenching
processes, there are several issues that make this approxi-
mation a crude one. The most pernicious of these issues is
that field galaxies at a given redshift cannot be the pro-
genitors of and group/cluster galaxies at that same redshift,
and it is, rather, field galaxies at earlier epochs that seed the
group/cluster population at a given redshift. Further, it is
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not possible to fully expiate this issue by substituting a field
galaxy population observed at a fixed epoch earlier than that
of the group/cluster population as group/cluster progenitor
galaxies originate from a spectrum of earlier epochs. Other
issues include the differential growth of stellar mass between
field and group/cluster populations and differing selections
of galaxies in field vs. group/cluster environments.
In an attempt to circumvent these issues, we generated
a suite of mock galaxies that were intended to mimic the
properties of group and cluster galaxies in absence of all en-
vironmental quenching processes. As such, in this simulation
we completely ignore the effects of merging, ram-pressure
stripping, tidal stripping, harassment, strangulation, and all
other galaxy-galaxy and galaxy-group/cluster processes that
might effect the star formation and stellar mass properties
in excess of what is experienced in the field. Because we are
primarily focused on the quiescent fraction across relatively
large (∼0.5 dex) bins in stellar mass, we assume for the pur-
poses of this calculation that none of these processes strongly
modulate the quiescent fraction in a given bin or cause ap-
preciable cross-talk between the various bins (e.g., a major
merger, of which only ∼25% of group/cluster galaxies ex-
perience during their accretion history Tomczak et al. 2017;
Pelliccia et al. 2018, increases the stellar mass of the more
massive component of the merger by, at most, ∼0.3 dex).
Still, since some of these processes are known, in certain
cases, to enhance the occurrence and level of star formation
in galaxies (e.g., Kronberger et al. 2008; Hopkins et al. 2013;
Kaviraj 2014) for at least some period of time, the environ-
mental quenching efficiencies derived from these simulations
in conjunction with our data will still remain lower limits,
though much stricter ones than those derived directly from
the data.
The simulation begins by adopting the group/cluster
merging histories presented in McGee et al. (2009) and
Balogh et al. (2016), which are based on the merger trees
estimated from the N-body Millennium Simulation as dis-
cussed in section 3.3. A linear fit was made to the aver-
age accretion history of a cluster with a z = 0 total mass
log(Mtot/M⊙) > 14.5, as the majority of ORELSE groups
and cluster are predicted to fall within this mass range by
z = 0 if we assume the accretion history characterized by
those in McGee et al. (2009) and Balogh et al. (2016) and
Mvir as the total mass of ORELSE groups/clusters at the
redshift they are observed (see Tomczak et al. 2017, 2019;
Rumbaugh et al. 2018 for Mvir values of groups/clusters in
specific ORELSE fields). Regardless, the results of the sim-
ulation do not change meaningfully if we instead adopt av-
erage merging histories for lower mass structures. The sim-
ulation begins at z = 4 and takes 50 steps equally spaced in
time to arrive to z = 0.65, the average redshift of the lowest
redshift sample studied in this paper. In the first time step,
the fraction of halo mass that is predicted to accrete over
this time step is computed and multiplied by the total mass
at z = 0 (log(Mtot/M⊙) = 14.5). This value sets the amount
of mass accreted into the (proto-)cluster environment in this
time step. In order to translate this amount of halo mass into
a galaxy population, we begin sampling from the galaxy to-
tal SMF presented in Tomczak et al. (2014) appropriate for
the median redshift of the step (in this case, z ∼ 3.85). For
each galaxy sampled in this way, a galaxy was assigned:
• A stellar mass, M∗
• A halo mass,Mh, estimated from inverting the redshift-
dependent halo-to-stellar mass relation of Moster et al.
(2010, 2013).
• An initial state of quiescence or ongoing star formation,
a state that is chosen from sampling a random uniform vari-
able and comparing that sample to the fraction of quiescent
to star-forming galaxies in the field at that redshift and M∗
as estimated by Tomczak et al. (2014) (e.g., if the random
sample for a simulated galaxy was 0.61 and the fraction of
star-forming to total galaxies at that redshift and M∗ was
0.6, the galaxy is considered quiescent)
• For those galaxies assigned a state of ongoing star for-
mation, a star formation rate (SFR) was assigned based
on the redshift-dependent SFR-M∗ relation for star-forming
galaxies of Tomczak et al. (2016) with an imposed scatter of
0.15 dex.
• An exponentially declining star formation future with
a normalization set by the assigned SFR at the time of ac-
cretion and an e-folding time equal to 2 Gyr, a value appro-
priate for the general field population at the stellar masses
of interest here (e.g., Tomczak et al. 2019)
Only those galaxies with stellar masses in excess of
log(M∗/M⊙) ≥ 9 are considered in the simulation. This limit
is roughly the stellar mass limit of the SMFs presented in
Tomczak et al. (2014) at all of the redshifts considered here
and is sufficient to generate essentially all galaxies in the
stellar mass and redshift ranges of interest. For this first
step, the SMF continues to be sampled until the amount
of halo mass assembled reaches or exceeds 95% of the halo
mass predicted to be accreted in that time step, a threshold
that typically requires ∼10 galaxies to be generated. At the
conclusion of this first step, all mock galaxies are binned into
the same three stellar mass bins considered throughout this
paper, and fq is calculated for each bin.
In subsequent steps, two galaxy populations are con-
sidered: newly accreted galaxies and those galaxies that are
already coalesced into the cluster environment in previous
steps. For the former population, the same steps as listed
above are repeated and these galaxies are incorporated into
the full simulated cluster galaxy population. For the latter
population, the amount of stellar mass generated through
in situ star formation in that step is added to the previous
stellar mass of the galaxy by integrating star formation rate
over that step and subtracting the amount of stellar mass
lost over that same time period resulting from stellar evolu-
tion (BC03, Chabrier 2003; Moster et al. 2013). The value
of fq is then calculated for the combined sample of galaxies
in the three M∗ bins considered throughout this paper.
At the conclusion of this process, the SFR of each
galaxy is evolved by the time elapsed in the step subject to
its star formation future set at the moment of coalescence.
Finally, we compute the specific star formation rate (SSFR)
of all galaxies at the end of this time step and set the star for-
mation state of any galaxies with a log(SSFR/yr−1) ≤ −11
to quiescent. This SSFR threshold is chosen as it has
been shown that galaxies below this limit are almost ex-
clusively found in the NUVrJ quiescent region (Ilbert et al.
2013; Cucciati et al. 2017). A similar exercise is not per-
formed for accreted field galaxies as those galaxies which
have their initial state set as star forming, their SSFRs are
MNRAS 000, 1–27 (2019)
Persistence of Efficient Environmental Quenching to z ∼ 1.4 27
set by the star-forming SFR-M∗ relation, and, thus, by con-
struction, cannot be considered quiescent. Once quiescent,
the simulation ignores the potential for rejuvenation (e.g.,
Kannappan et al. 2009, 2013) of the star formation for each
galaxy for the remainder of the time of the simulation. The
results of these simulations are shown in the main body of
the paper in Figure 6.
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